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PREFACE 


In preparing new material and in revising existing material for the 
‘Third Edition, the same principles were followed as in the First Edition, 
An endeavor has been made to propare a comprehensive working manual 
of the radio science and to compile in a single book concise information 
on each of the branches of radio engineering. As in earlier editions, there 
is in this volume a considerable amount of what may be called funda- 
mental background, but the emphasis is on practice rather than on theory. 

Each of the seetions has been brought up to date, Several have been 
completely rewritten, notably those on television, high-frequency tech- 
nique, loud-speakers and acoustics, detection and modulation, facsimile, 
and aireraft radio, In each of these fields, much progress has been made 
since 1935. The authors of the individual sections have the requisite 
pei! background as well as the very necessary practical experience 
in the . 

The engincer will find in this book many man-hours of effort compiled 
in the form of tables and curves and converted into concise English by 
the engineers, physicists, and teachers who have aided the editor in 
preparing this new edition. 


Kerra Henney. 
New York, 
il, 1941 
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SECTION 1 


MATHEMATICAL AND ELECTRICAL TABLES 
1. Greek Alphabet. 


Name Commonly used to designate 

Angles Coefficients. Area 

Angles. Coofficients 

Angles. Specific gravity. Conductivity 
Decrements. Increments. Variation. Density 
E.m.f. Base of natural logarithms, Very. sinall 


| Dielectric constant, Susceptibility. Visibility 
Small) Wave lengih 

ermeability. Amplification factor, Profix micro 
Reluctivity 


a divided by diameter 3.1416 
{Cap.) Sign of summation 
ime constant, Time-phase displacement. 


time, Phase difference. 
‘stance in megohms. 2xF. 


0! 
75 4] 0. 
32500 3 | 0.812 
01578125 0. 
0.593750 2 | 0.8437; 
0.609375 r 0.859375, 
0.625000 B 9:375000 
4 | 028906: 
2425 | 0.906250 
5964 | 0.921875 
ig 0.937% 
Ste, | 0.953125 
Shae 0.968750 
Sea | 0-887 
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3. Trigonometric Functions. 


cot | cos 


Infinit, 


343.7737 


11.0594 0,.0959/50 
10.7119/0/ 9957/40 
10°3854]0. 9954/30 
10.0780)0.9951/20 
9. 7882/0.9948/10 
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11.4301/0,9962) 0 85 
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9.5144 /0.9945| 0 84 


9, 2558 0,0042/50 
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4. Functions of Angles in Various Quadrants. 


Funetion | -= | 2 
| 


coneo 
00 2 


5, Mathematical and Physical Constants. 


= 3.14159 loge: OA0714 
Iz = 0.31830 loge x = 1.14472 
=? = 9,86960 logio 2 = 0.30102 
Ve = 1.77245 logio.« = 0.43420 
© = 2.71828 Jog, 10 = 2.30258 


loge 2 = 0.60314 


Velocity of light = 2.99796 x 10! em per second 


: 
Electron change = {4.799 10% abe osu 
Planck’s constant = h = 6.547 X 10°27 erg-sec. 


6. Table of Circuit Constants. (Pages 6, 7, 8 and 9). 

Values of @, 1/, inductive and capacitive reactance, wave length, 
and LC products for frequencies from 10 cycles to 100 Me for inductance 
in henrys and eapacity in microfarads. 

1 follo able, it junction with the or riven low, rea 
ane aie ee tat a aos Ba ar i 
Muttie.yinc Factors 


Mult. 4 
For frequencies between ae Dae | rare: Be 
by 

1.0 10s | 10 
10.0 aot | 19? 
108 qos | 10-« 
108 102 | 10-8 
108 101 | 10-8 
108 19-10 
108 0.1} 10-2 


Inductive Reactance, ‘To obtain the inductive reactance of an inductance of L henrys 
ney: 

hg proper multiplying factor to column 2. 

ply by Zy the number of henrys. 

feactance. To obtain the capacitive reactance of a condenser of @ uf at any 


at 


in micromicrofarads instead of microfarads, multiply by 101? instead of 10°. 


Example. Thus an inductance of 250 mh at 2.500 cycles has a reactance 
of 250 x 10-3 X 157.08 x 10? = 3.940 ohms. “A capacity of 250 puf at 
2.500 ke has a reactance of 10-* x 63.665 X 10!? + 250 = 254 ohms. 
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£ | RRREE RRAER S8ESS Seeed gasses Sadus seas Eaaed acess sesee soess 
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Ie = 1/2ef 
883 
339 
809 
293 
781 
208 
816 
892 
448 
012 
587 

197 
764 
368 
980 
622 
227 
863 
505 
157 

15, 
479 
152 
832 
1. 516 
1207 
‘903 
907 
317 
030 
748 
407 
203 
920 
676 
420 
169 
922 
679 

27.440 
27.207 
26976 
26.749 
26.525 
308 
090 
87 

150 
468 
262 

063 
808 
674 
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w= 2xf 
76 
90 
04 
19 
33 
az 
61 
75 
89 
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22828 S2583 83998 28265 22832 22288 22928 BSeRE guess 22888 22822 


Frequency 


‘See multiplying factors on page 5, 
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Frequency 
See multiplying factors on page 5. 
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N 
Wave length 


§ 


Frequency = nf Wears Wave length 


37.267 
37.036 
36.810 
36.587 
36364 


wert 
ZeES 
22555 


eae 
ga Seses 
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7. L, C, Chart, 


sppedl from frequency numbers. 
values lees than any given on the. 
always drop twice os many ciphers 
from inductance oncopacity nurhbers a8 
Mol are 0 eect mobar 
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Inductance, Microhenries 
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Resistivity at 
cm 


Dielectric 500 volts d.c, 
constant 100°C., ohm 
0 
61 


11, Insulated Copper Wire. 


Obras 
1,000 


35. gene yaaid Bhwss SRS88 3 
iH ae sS28 genes Manes SoocS CO 
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EE 
ain 
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2 # te 
a | 32: = 
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# E 
P| ee ze 
é 
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12. Properties of Commercial Insulating Oils.' 
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9. Tensile Strength of Pure Copper Wire 
‘Hard drawn 


12 


in Pounds. 


* Crank, F. M., Liquids as Insulators, Gen. Elec. Ree., April, 1928. 


aout 8882 852 £88 # agnsy EESSE 282 
¥ |‘mmay' | seax Sax S82 i eae Eas ee 
ati Been ISSaeaeS é mei gncee Reane 
"| Mev | gosh S28 San i “5 QHASs Sckss za9 
e | anttt., | a8 Se SEE 2 Ss here Rreen ane 
i | ‘una | 3386 ces see 3 38 3aang seacg ere 
z oo 7% pee 
= | wey | S369 98% age 3 an sssaq EGESS 228 
bx i RE 5 ns Sasa Sood] eco 

Sa eiceines 
j Sq SaRES Ssdsq sts 
2 on, saged. eaden Son 
1 ian (ae 25 ghand Ssaee see 
2 | oy | $899 268 288) £ 
tame cases 
5/2 
yout, | Bese $88 § Ee ensen aanae eer 
ao i BES2h ARARS ERSSS SN 
voy | 8888 Gea tte | | aad Soeed See 
ode acid HH E 
wn = 7 
Bi ggs° oS ay s SARS Seats KaRes £49 


14 THE RADIO BNGINEERING HANDBOOK [Sec. 1 Sec. 2) MATHEMATICAL AND ELECTRICAL TABLES 15 
18. Wire Table Chart. 14. Chart for Converting Loss or Gain into Decibels. 
100,000, 199008. 2. i ul Sooo 
: 
i aoa 
| Non dB» T 
toe Mi 
ly Y 2000} | t90 
a) 
nooo [4 tego 
AG; bg ‘20010 
t 
{ 
eA eALs | 
ALS 
ATA [Hay 
370 = |_| 
|, = 3 
,000 a z 3 
109 Joo 
3 § 
toons 
iy ie? ett tf 
100 rret, 
Ky 7% sy ‘9 SEe=e 10 
ia 5 
4 
> 3 
10 J q beo 
: Ses 
<a 1 
CJ 4 6 8 2 22 ORM 3% a” 


0 5 10 5 a BG Eo 6 40 4s 
American Wire Gage or Brown and Sharpe 
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15. Logarithms of Numbers. ] T 
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16, Exponential and Hyperbolic Functions. 


= 0.30787; logu ¢ = 0.43420; sinh x = 
: y 
Natural values Logie Pata t stale Gavel lens lanes eae 
e | eo | ainhe cout «| tant = | sinh 2 | coub | tanh 2 : ore 
| ~| 3.50 16.543) 16.573)0.9982 |1.5200 1.2186 1.2194 T.9992 
0.00 | 1.000 {1.0000 0.000, 1.000/0.0000 j0.0000/ = |0.0000| = He | an 18.313}0.9985 |1.5035 1.2021 |1.2028 |T.9994 
0-10 | 1,1052}0.9048 | 0.100] 1,005|0.0997 |0.0434 |7.0007 |0.0022 |2.9986 ks Ee Te dE red eta Seed 
0.20 | 1,2214|0.8187 | 0.201, 1.020|0.1974 |0.0860 |T.3030 |0,0086 |T.2053 3:00 sal aes 1.0503 1.3491 |1.3495 |T.9996 
0.30 | 1,3499/0.7408 | 0.904] 1.045/0.2013 0.1303 |T.4836 |0.0193 \i.4644 4 es -711/0,.9992 |1.0938 |1.3925 |1.3920 |T.99966 
0.40 | 1.4918}0,6703 | 0.411) 1.081/0.3796 |0. 1737 |T.6136 |0.0336 |1.5707 ac pagel Sorel seh breed b ; 
-808/0.9903 |1. 5 4363 |T.99071 
0,50 |} 1.6487}0,6005 | 0.521| 1.128}0.4021 |o.2172 |T.7169 |0.0522 |T.0047 isa pen eh dreet Hb bel E T.99076 
0.60 | 1.8221]0.5488 | 0.037| 1.18610.5371 [0.2606 |1.8040 |0.0730 |T.7300 4.30 5e-ten| 36canvlespoeoal serve iseoee [Conve [Tiasese 
0.70 | 2.013810.4966 | 0,769} 1.255|0,0044 [0.3040 |T.8800 [0.0987 \T. 440 o7n0 bib l banten it 1, 5604 |1.6605 |T.99084 
0.80 | 2.2255|0.4403 | 0.888) 1.387|0.6640 \0.3474 7.9485 (0.1203 |T. : iin -9109 |1.6098 |1.6099 |T.99987 
0.90 | 2.450610.4066 | 1.026, 1,433/0,7163 [0.3909 |0.0114 (0.1503 |T. 4.50 45,003] 45.014(0.90075)1.9543 |1.0532 [1 T 
-014)0. 4 x 0584 |T.99080 
4.00 
1,00 | 2.7183)0.3070 | 1.175) 1.543/0.7016 |0.4343 [0.0701 |0.1884 |T. 470 eel edpelmen hha a-sast Perl ato 
1.10 | 3,0042/0.3329 | 1.835, 1.669)0.8005 |0.4777 [0.1257 \0.2223 if 4.80 00.751 po pet bape! 1.7401 |1.7402 |T.99993 
1.20 | 3.3201\0.3012 | 1.609] 1,811]0.8337 |0.5212 (0.1788 [0.2578 | 4.90 o7- 141] 67 14010; 0846 |1.7836 |1.7836 |T.99994 
1.80 | 3.6603/0.2725 | 1.608) 1.97110.8617 |0.5646 (0.2300 0.2047 m - 149/0.99089]2. 1280 |1.8270 1.8270 |T.99905 
140 | 4.0552/0.2466 | 1.904, 2.151)0.8854 |0.0080 |0.2707 |0.3326 5.00 74.203] 74.210/0.99001)2.1715 |1.8704 |1.8704 |T 
3.10 ‘ natn I 8704 |1,8704 |T.99090 
1.50 | 4.4817|0.2281 ) 2.129 (0.0514 0.3282 (0.3715 |T.9567 ’ py a eee ee ered hee 7.00007 
1,60 | 4.95300, 2019 2ard 10.6949 (0.3758 |0.4112 T.9046 < hooar inp avila arene eons 1.9573 1.9573 T.90907 
1.70 | 5.4730/0.1827 | 2.646 (0.7383 (0.4225 [0.4915 {1.9710 Baa lastsex_(ocooss {120-70 litoc74 focoomoele-aasa (2,ouea [a.ocas [eesee 
1,80 | 6.0496,0.1653 | 2.942) (0.7817 0.4087 0.4924 |T.9763 | . phy i 9452 |2,0442 |2.0442 |T. 99008 
1.90 | 6.6859(0.1496 | 3.268) 10.8252 0.5143 [0.5337 |T.9800 {asa.00 4.0041 {129.34 {122:35 fo.oogerfa. sao [ac0sre {s.care {7.00600 
2.00 3.627) 10.8686 0.5505 0.5754 |T.0841 eg sg ag berg coll pe age ap T9900 
‘3 er ee he eg 5.20 [30.90 [9.0020 105.15 |188.15 jo, oo00e2.s1s0 naive (a-aite (Roope 
230 ‘7 open (0.0088 10.2083 eg a -0027 |182.52 /182.52 (0.09008)2. 5028 |e. 2613 |2.2613 |T-o99m0 
2.40 5a 1.0423 |0.7377 [0.7448 |1.9928 6.00 |403.48 |0.0025 |201.71 201,72 \0.99999|2.6058 2.3047 |2.2047 T.99999 
2.50 | 12.182 [0.0821 | 6.050 1,0857 (0.7818 |0.7876 T.9942 a Bea ie) Ss SN eee |S) cet A (aS 
2.60 | 13.464 0.0743 | 6.095) 1.1202 [0.8257 (0.8305 |T.9052 
2.70 | 14.880 0.0672 | 7.406 1.1726 0.8606 0.8735 |T.9961 
2,80 | 16.445 [0.0608 | 8.192 1.2160 |0.9134 [0.9166 |T.9968 
2.90 | 18.174 0.0550 9.056) 1.2505 0.9571 0.9597 ‘1.9974 
3.00 | 20.086 10.0498 | 10.018, 10.068)0. 9951 (1.3029 [1.0008 |1.0029 i.9979 
B.10 | 22.198 0.0451 | 11.077) 11.122.0.9960 1.3463 1.0444 1.0462 T9982 
3.20 | 24.533 |0.0408 | 12.246, 12.287 0.9967, 1.3897 1.0880 |1.0394 |1.9986. 
3.30 | 27.113 0.0369 | 13.538) 13.575|0.9973 11,4332 |1.1316 |1.1327) \T.99ss 
3.40 | 20.964 (0.0334 14.965 14.999 0.9978 |1.4766 1.1751 |1.1761 |T.9990 
1 ! | ! i 
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17. Inductance of Various Windings. 
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18. Systems of Electrical Units. 


Practical Eau. Ri. | Ad. 
Volt(v).. v v 
Ampere(a) « ma ma 
Second. usec. | msev. 
Cyele. Mo ke 
Ohm. Keohm | k-ohm 
Mho m-mho | m-mho 
Henry(h) mh h 
Farad(f).-. mut wt 
Watt(w) > 10"? w my | mw 
Jouleg).- 2 10-75 } mj | “a 
‘Coulomb(e} 3.33. X 10-6 | ve 


mae | 


p= 10°G m = 10% k = 10% M = 10% ma = 10% 

19. Computing the Harmonic Content of Any Given Periodic Complex 
Wave Form. When an oscillogram (or other graphical representation) 
of a periodic complex wave is available, it is possible to compute the 


percentage of each harmonic up to and including the sixth, by means of 
the following scheme:* 


a lite. 
\ : ls 


S a 
: : s 
iiitsmoil lap : 
| | | | 
ITTY UT | TSS 
SESS SSees 8 Seesss Ss 8 


fo) shsuayersiy uy [199 Jo eouo,aNpUL 
on 


Dl ey ty % Ie 
o 


Time Axis 


l. - Period 


Fic. 1—Example of complex wave for analysis. 


, The oseillogram must contain at least one complete period of the wave, 
“e., from any given point on the wave to the corresponding point at the 
left or right at which the form of the wave begins to repeat itself. In 
Fig. 1 the complete period is given by the distance OX, a distance of 
360 electrical egtaae With a compass or dividers, divide this com- 
plete period into 12 equal parts, and erect the 12 equally spaced ordinates 
Ym Yy Uy... , yx Each of these vertical lines is drawn from the 


sgiven here as been adapted 
T, Experimental Data, by 

rk, Pp. 181-185.” See 
synthese,” Julius 


22 


(Sec. 
horizontal ti With « rule (preferably one divided 
into tenths of er rule, so that the lengths can be 


nates, whether inches, millimeters, or any other 
as all ordinates are measured with the 


es given in the 
ACSoE 


T ; 
Length of ordinate 9187.0 sf. 0.fn.7 m, 4f 


‘The lengths given are the lengths taken from Fig, 1. 

;The computation consists in substituting these lengths in the following 
schedule of additions, subtractions, and multiplications, and in. pers 
forming the indicated operations. ‘First. set. down the ‘values of ‘the 
ordinates in the following arrangement, adding and subtracting as 
indicated: 


Ordinate number 


als fe 


UE. 


8 af -ae. at | ~15.0 


wou ys vs we ys me 

ye hom th 
Sum: ma 8: tse 
Difference: di ds dy ds 


Then take the sum terms in the 


Take the difference terms in this 


following arrangement: arrangement: 
» % om hr 
ears aid 
Sum: 3:5 Be Se 
Difference: Dy Ds Dy Di 
Finally: 
Se 8 Se Dy 
Si Sy and Se_Ds 
Sum: 5; 8 Difference: Ds De 


We are now ina position to find the « 
complex wave. ‘This equation is writte 


¥ = Ao + Ai cos wt + Ay cos 2ut + Ay cos Bat + Ay cos dot + Ay cos Bul 
+ Ac cos Gut + By sin wt + By sin Qt -+ By sin Bt -+ By sin det 
+ Bs sin Set 
mae A and B are the coefficients of the cosine and sine terms, respec- 
ively, 
‘The formulas for the A’s and B's are as follows: 


a = St Se, ras Do +0.85601 TESS. 45 = So+0.58; — 0.582 — Sy 


licients in the equation of the 


6 

Ay = Be Ay = Se 088s et 4) = Di= 0.886D: + 0.5Ds 
0.58 + 0.86685 + So, _ 0.866(Ds + D,) 

ST Bs = Os FI 
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.866 (Ds — D, 0.58; — 0.8668, + S, 
By = BP; By = 2808s = DO: 5, = S065, + Se 


‘There are several checks which may be made on the arithmetic of the 
above computations: 


Yo = Ao + Ai + Ar + Ast Ant As + Ac 
ts — yn = (Bi + Bs) + V/3(Bs + Bs) + 2Bi 
For computing the percentage harmonic content of the wave, it is 


convenient to express the equation of the wave in somewhat simpler 
form, reducing the edsine.terms to sine terms in the following manner: 


y = Ao + VAP + Be sin (ot + a) + VAS FB? sin ut + as) + 
‘ VAS + Be sin (Bet -+ a3) + VAE + BA sin (At + a4) + 
VA + Be sin (Set + as) -+ Ag sin (Geol + ce) 


‘The coefficient of each sine term in the above equation is proportional to 
the magnitude of the harmonic, that is, ~/Ai? + 2? is the amplitude of 
the fundamental, \/A3? + B:? the amplitude of the second harmonic 
(double frequency), +/A;? + Bs the amplitude of the third harmonic 
(triple frequency), and so on. Ag is the d-e component of the wave, 
is equal to 2x, where f is the fundamental frequency. The angles 
1, a, og, ote., are equal to tan“! 5 tan“ a ete. These angles do not 
‘ 5. 

enter into the computation, unless the phase displacements between the 
various harmonies are desired, “ pa, 

‘To find the percentages of the various harmonies, in terms of the 
magnitude of the fundamental, use the following expressions: 
Per cent second harmonic: 


VA? + BP . 
eee 100 per cent, 
VA! +B? 


VAS + BY 
VAi +B}? 
tnd so on. For all harmonies up to the sixth taken together, the total 
harmonie content expressed as a percentage is: 
P VAS + At + AG + AS + AP BY + BY + BEF 
er cent = aie at 

VAL + Bt 

100 per cent 


lt is sometimes useful to compare the r-m-s value of the fundamental 
with the d-c component, expressed as a pereentage. ‘To obtain this per- 
ventage from above figures, substitute in the following expression: 
D-¢ component, expressed as a per cent of r-m-s fundamental, 
2 Av 100 por cent 
0.707,/A? + Bi P 


Per cent = 
Vor the third harmonic: 


Per cent = X 100 per cent 


Be 
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Example (see Fig. 1 and values in table above): 


5.5 37.0 68.6 76.4 66.7 
15.0 -44.1 —28-4 
Sum: 55 220 245 48.0 66.7 
0 1 5: 80 a 
Difference: 52.0) 112.7 104.8 
ay 2 ls 
24.5 48.0 112.7 104.8 
S44 102.0 


“185.9350 Sum 
-50.9 “Difference: 
1. 


72.2 

108.9 
Sum: 181 
Ss 


1.1 Difference: 
f 


yom 28EL 
eae Hite ee A +.0.5(-50.9) _ _ og 
2 e 5 
Ay = 722 +0.5(145.9) = 0.5(108.9) = 48.0 2, 
SOR 
72.2 — 0.5(145.9) — 0.5(108.9) + 48.0 
4 ee SS = 12 
ae 8898(— 101) +0.5(-59.9) _ _ oy 


181.1 — 193.9 
Ae a =-1l 


. 3 St t E 
, = 0:5(107.3) + 0. eotals T) +1048 | org 


_, 0:866(-3.3 + 10.7) _ 


LA 


0.5(107.3) — 0.866(214.7) + 104.8 
= - 3 2 —S = 4.5 
Result: 


7. 

108 Sut — 1.1 cos, 
in 2ut + 0.4 sin 3wt 
n Sot 


Percentage of various harmonies: 


Second: Per cont = ee z aren % 100 por cent = 11.1 per cent 
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P+ 


se 


)* 100 per cent = 0.7 per cent 


Third: Per cent = OL5 
VUE EO 
64.5 


Fourth: Per cent = 100 per cent = 3,6 per cent 


v WA)? + (4.5)? 
61.5 


Fifth: Per cent = X 100 % = 7.0 per cent 


Lt 
Sixth: Por cent = G5 X 100% = 1.7 per cont 


Total harmonic content: 


Per cent = 
V1) EOD) FD)? APE LIF (1)? OA)? (202 F 4.5)? 
64.5 


= 13.8 per cent 


Percentage d-c component: 


Por cont = 9-7; = 68.9 per cent 

20. Evaluation of Square Root of the Sum of the Squares of Two 
Numbers. In the calculation of impedance as the square root of the 
sum of the squares of a reactance and a resistance, a useful and convenient 
method of solution consists in rewriting the equation as follows. 


Vai FUE = by1 +8 


] im curl ‘The following table will cover the 
usual situations arising in the average laboratory. The values of shunt 
‘re calculated from the equation for meter shunts, 


Rm X Im 
T—In 


where Rm = meter resistance in ohms 
Im = full-scale current of meter 
current desired to be read. 
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Saunt anp Muuriruier Vauors 
27-ohm (0-1) Milliammeter 


Scale Use as parr tyes mul-| ee 
re Yasws | uae | el og ; 
0-100 Voltmeter 100,000 M | 100 SECTION 2 
0-250 Voltmeter 250,000 Mw 250 
9-600 Voltmeter oe | at | toe ELECTRIC AND MAGNETIC CIRCUITS 
0-10 i » 
0, 9.354 8 i By E, A. Usaune! 
oa 5 8 it 
0-500, illiammeter 0.0541 | 8 | 500 FUNDAMENTALS OF ELECTRIC CIRCUITS 
35-ohm (0-1.5) Milliammeter ; 1, Nature of Electric Charge. According to modern views all natural 
ak ei “tan | ie 7 pera ney be ens ea on the — of [ete eo i aa ad 
Voltmeter 10.000 | 10 rogarding the nature of electric charge. In the neighborhood of an 
her yess pea i a electric charge is postulated the existence of an electric field to. explain 
0-750 Voltmeter 500,000 M 500 po! ; ‘ Mod 
is’ pute ate = 5 | rs such phenomena as repulsion and attraction. The force which acts 
O73. Millinmuneter oa 3 R between electrie charges by virtue of the electrie fields surrounding them 
0-150, Milliammeter 0.354 s 100 is expressed by Coulomb's law which states that 
a iammeter 0.0701 Ss 500 
7 — 292 
F =i? 
‘The value of the unit charge in the electrostatic system is based on this 
‘aw and is defined, therefore, as that value of electric charge which when 
placed at 1 em distance from an equal charge repels it with a force of 
yne. 
< 2. Electrons and Protons. There are two types of electricity: positive 


and negative. The electron is representative of the latter and the 
Proton of the former. All matter is made up simply of electrons and 
protons. Exhaustive experiment has proved that all electrons, no 
tnatter how derived, are identical in nature. ‘They are easily isolated 
and as a consequence have been thoroughly studied. Among the most 
‘portant results of this study are the following facts:? 


4,720 X 10- o6.u. 
9.04 X 10-% 
2 10° em, approx. 


Charge of the electron, 
Mags, 
Radius, 


The proton has not been so thoroughly studied. It is not so easily 
isolated, and the effects of el ¢ and magnetic fields on its motion are 
considerably smaller than similar’ effects obtained when electrons are 
studied, ‘The proton apparently has a mass of about 1,838 times that 
of the electron and a considerably smaller radius 
ie mass of electrons and protons is purely inertial in character. In 
other words these fundamental units of electric charge consist simply 
°f pure electricity. For the sake of completeness it should be added 
that this mass is not independent of velocity and that the values given 
°r both the electron and proton assume velocities which are small 
' comparison with that of light. 
1 Department of Physics, University of Washington, 
* Mita, Ro Ay The Becton ashington 
27 
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3. Atomic Structure. The atoms of matter consist of a central 
positive nucleus surrounded by such a number of electrons as will 
neutralize the nuclear charge. “The central positive nucleus consists of 
both electrons and protons with an excess of the latter. This excess 
determines the chemical characteristics of the atom by determining the 
number of electrons outside the nucleus, while the total number o} pro- 
tons determines the atomie weight of the element. According to one 
view the electrons outside the nucleus move in planetary elliptic orbits 
about it. The radius of the different orbits varies within a single atom, 
and as a consequence the strength of the bond existing between the 
nucleus and the different electrons varies, 

4. Ionization. The outer electrons are in general loosely hound to 
the nucleus and under favorable conditions may be completely disso- 
ciated from the remainder of the atom, This process of the removal 
of an electron is known as ionization. It is the process by which electrons, 
are removed from 2 heated filament in a vacuum tube, from an alkali 
metal surface in the photoelectric cell, and from the plate and grid of 
vacuum tubes when bombarded by the filament electrons giving rise to 
the secondary emission so commonly experienced. 

5. The Nature of Current. The modern view of electri 
current as a flow of negative charge in one direction plus a flow of positive 
charge in the opposite direction. In electrolytic conduction the unit of 
nogative charge is an atom with one or more additional electrons called a 
negative ion, and the unit of positive charge is an atom with one or more 
electrons less than its normal number known as the positive fon. 

Tn conduction through gases, as, for example, t rough the electric 
are, the negative ion is usually a single electron, whereas the positive 
ion is as before an atom with one or more electrons removed. 

In conduction through solids, however, the current is strictly electronic 
and is not made up of two parts as in the previous cases. The electrons 
constituting the current are the outer orbital electrons of the atoms, 
Since these electrons are less tightly bound to the atom than the other 
electrons they are comparatively free and are often s} ken of as free 
electrons. ‘These electrons move through the solid under the influence 
of an electric field colliding with the atoms as they move and continuously 
losing energy gained from the field. As a consequence the motion of the 
electrons in the direction of the field is of a comparatively small velocity! 
(of the order of 1 em per second), whereas the velocity of thermal agita- 
tion of the free electrons is high (about 10? em per second). According 
to this view of the electrie current in solids, conductors and insulators 
differ only in the relative number of free electrons possessed by the 
ance. 

Since current consists of a motion of electric charges, it may be defined 
as a given amount of charge passing a point in a conductor per unit time. 
Tn the electrostatic system the unit of current is defined to be a current 
such that an electrostatic unit of electricity crosses any selected cross 
section of a conductor in unit time. In the practical system the unit of 
current is the ampere which is approximately equal to 3 X 10° elec- 
trostatic units of current and is defined on the basis of material constants 
as that current which will deposit 0.00111800 g of silver from a solution 
of silver nitrate in 1 sec. 


regards 


“Electricity and Magnetism,” p. 306. 


‘Jeans, J. 
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6. The Nature of Potential. An electric charge that is resident in 
an electric field experiences a force of repulsion or attraction cae 
on the nature of the charge. Its position in the field may. be conside 
as representing a certain quantity of potential energy which may be 
taken as the amount of work which is eapable of being done when the 
electric charge moves from the point in question to an infinite distance. 
If the convention of considering a unit positive charge as the test char; 
is adopted, the potential energy at a point may be taken as characteristic 
of the fiel and consequently will be regarded simply as the potential. 

In a similar manner the difference of potential of two points may be 
deseribed as the amount of work required to move a unit positive test 
charge from one point to another. More specifically a difference of 
potential in a conductor may be spoken of as equal to the energy dissi- 

ted when an electron moves through the conductor from the point of 

w potential to the point of high potential. This energy is dissipated 
in the form of heat caused by the bombardment of the molecules of the 
conductor by the electrons as they proceed from one point to another, 

7. Concept of E.M.F. The idea of potential leads directly to a con- 
ception of an electromotive force. If a difference of potential between 
two points of a conductor is maintained by some means or other, electrons 
will continue to flow, giving rise to a continuous current. A differenco 
in potential maintained in this way while the current is flowing is known 
as an electromotive force. Only two Laie methods of maintainin, 
constant e.m.f. exist: the battery and the generator. Other methods, 
as, for example, the thermocouple, are not primarily intended for the 
purpose of maintaining a current. Fi u 

The unit of e.m.f. in the practical system is the voll. It is defined as 
10* @. of poten <n or as 1.0000/1.0183 of the voltage generated by a 
Weston cell. e 
8. Ohm's Law and Resistance. ‘The free electrons which contribute 
to the electric current have a low drift, velocity in the negative direction 
of the field within the conductor. In moving through the metal in.a 
common general direction they enter into frequent collisions with the 
molecules of the metal, and as a cor juence they are continually retarded 
in their forward motion and are not able to attain a velocity greater than 
“ certain terminal velocity u, which depends on the value of the field 
and the nature of the substance. ‘The collisions which tend to reduce 
the drift velocity of the electrons act as a retarding force. When a 
current is flowing, this retarding force must be exactly equal to the 
accelerating force of the field. ¢ retarding force is proportional to N, 
‘the number of free electrons per unit length of conduetor, and to u, their 
drift velocity, It may be designated as kNu. The accelerating force 
'S proportional to the eld E per unit length of conductor, to the number 
W of electrons per unit ler nat, and to the electronic charge e and may 

en, 


represented as NEe. NEe =kNu. Since the current i has 
n given as 
i= Neu 
NEe =k! 
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where Ps 

R= He 
‘The statement # = Ri is known as Ohm’s law. R is here defined as the 
resistance per unit length, The unit of resistance is the ohm. It may be 
obtained fom Ohm’s law when the e.m.f. is expressed in volts and the 
current in amperes. 

9. Inductance. Circuits possess inductance by virtue of the electro- 
magnetie field which surrounds a conductor carrying a eurrent. The 
coefficient of self-inductance is defined as the total number of lines of 
force passing through a circuit and due entirely to one ¢.g.s. unit of eur- 
rent traversing the circuit. If NV is the number of lines of force linked 
pita any circuit of inductance L and conveying C ¢.g.s. units of current, 

‘The practical unit of inductance is the henry. It is equal to 10° e.g. 
units of inductance, If the number of lines of foree N through a 
is changed, an e.m.f. due to this change of flux is induced in the circuit. 


This e.m.f. is given by the equation 
dN dC 
Mee Cie aot 


The inductance of a circuit is equal to 1 henry if an opposing e.m.f. 
of 1 volt is set up when the current in the circuit varies at the rate of 1 
amp. per second. 

10. Mutual Inductance. The coefficient of mutual inductance is 
defined in the same way as that of self-inductance and is given in c.g. 
units as the total magnetic flux which passes through one circ 
the other is traversed by one c.g.s. unit of current, or 


The practical unit is the henry as in self-inductance. 

11. Energy in Magnetic Field. Energy is stored in the electromagnetia 
field surrounding a circuit representing the energy accumulated during: 
the time when the free electrons were initially set in motion and the cur- 
rent established. This energy is given by’ the equation, W = WLI}, 
where, if Z is in henrys and / in amperes, the energy is in joules, 

12. Capacitance. The ratio of the quantily of charge on'a conductor 
to the potential of the conductor represents its capacity. If one con 
ductor 1s at zero potential and another at the potential V, the capacity 
is given as the ratio of the charge stored to the potential difference of the 
conductors 


-@ 
ome 
If Q is in coulombs (the quantity of charge carried by 1 amp. towing 
for 1 sec.) and V is in volts, C is known as the farad. 
‘The energy stored in a condenser is given by the equation, W = CV? 
where, if V is in volts and C is in farads, Wis in joules. 
The force acting per unit area on the conductors of the condenser 
tending to draw them together is 


where d is the distance separating the condenser plates, and V is the 
potential difference. 

Other expressions relating charge or current to capacity and potential 
difference are 


_ Sidt 

Liters) 
and = 
is Cr 


13. Units. The practical units that have been described are related 
to the electrostatic units as shown by the following table. A third 
set of units, known as the electromagnetic, is also related to the prac- 
tical units, the ratios of which are given in this table. 


; Measure in | Measure in 
Quantity Name of | electromugnetic | electrostatic 
units: unite 
Charge of electricity. Coulomb 10> 3x10 
Potential Volt 108 Yoo 
10% 9X 10" 
10" 3X 10° 
Resistance. 10° % X 10-4 
Inductance, 10 


14. Continuous and Alternating Currents. If the free electrons of a 
conductor move with a constant drift velocity under the impelling force 
of an invariant electric field, the electrie current in the conductor is 
f as being continuous, or direct. If, however, the impressed 
eld is varying in hoth direction and magnitude, the drift velocity 
lectrons will vary in both direction and magnitude, since electrons 
's flow in a direction opposite to that of the electric field, A current 
of this kind which varies periodically with the time is known as an 
alternating current. 

15, Wave Form. The current, or the em. may be represented 
taphically as a function of the time by assigning to successive values 
vf the Intter variable the value of the former. ‘There is an infinite 
NAtiety of functional relationships between current and time, but of all 
the Inws by whieh these two variables may be connected there is one 
that can be differentiated from all others. ‘This law is that of the sine 
oF cowine function. All other relationships can be resolved into a linear 
combination of functions of this simple type. 

he form of the sine function is shown in Fig. 1a. It is represented 
analytically by the following type of equations 


t= Iosin wt 
e = Eosin wt 


where 7 and ¢ are the instantancous values of tne current and voltage, 
eand Ey are the maximum values, and @ is 2x times the frequency with 
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which the current or voltage alternates. The sine wave is the ideal 
toward which practical types approach more or less closely. Since it 
cannot be resolved into other types, it is the pure wave form, 

16, Harmonics. Current and voltage waves, in practice, are not pure 
and may therefore be resolved into a series of sine or cosine functions. 
One of the functions into which the original wave is resolved will have a 
frequency term equal to that of the original wave. All of the other 
fenolons will have troquesay term of higher value, which will in general 
be designated as harmonics of the lowest or fundamental frequency. 
A few types of complex waves which may be resolved into two or more 
pure sine 
wave into its component parts may be accomplished physically as well 
as mathematically. This may be demonstrated by means of high- and 
low-pass filters in the output circuit of an ordinary vacuum-tube oscillator. 


eolosinast 


acl escheat Pree Comporety Hie Fon 2 Rooted wt Pre Compost 
Tinat hewlut hindut henat hentut hsndut 
4a) (b) «er 


Fic, 1.—Sine wave and complex waves. 


17. Effective and Average Values. ‘The effective value of an a-c wave 
is the value of continuous current which gives the same power dissipation 
as the a, ¢. in a resistance. For a sine wave this value of continuous 


current is equal to the maximum value divided by +/2. The average 
value of an alternating current is equal to the integral of the current 
over the time for one-half period divided by the elapsed time. For a 
sine wave the average value is equal to the maximum value of the current 
divided by */2. ‘Lhe ratio of the effective value of the current to the 
average value is often taken as the form factor of the wave. Thus all 
types of waves may be simply characterized by means of this ratio. 

irect-current meters read average values of currents over a complete 
period. Such meters therefore read zero in an a-c circuit. Thermocouple 
and hot-wire-type meters read effective values. Such meters are there- 
fore used for tnaking a-c measurements at radio- as well as at audio- 
frequencies. 

18. Phase. The current in a circuit may have its maximum and 
zero values at the same time as those of the é.m.f. wave, or these values 
may occur earlier or later than those of the latter. These three cases 
are illustrated in Fig. 2. When the corresponding values of the current. 
and e.m.f. occur at the same time they are said to be in phase. If the 
current values occur before the corresponding values of the voltage wave, 
the current is said to be in leading phase, and if these values occur 
after the corresponding values of the voltage wave, it is said to be in 
lagging phase. 

19, Power. The power consumed in a continuous-current circuit is 
W = EI = /°R, where R is the effective resistance of the circuit. The 
power consumed in an a-c cireuit having negligible inductance and 


ves are shown in Fig. 1band c. ‘The resolution of a complex ” 
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capacitance is given by the same equation with the necessa restricti 

on / so that it represents the effective value of the current and not AIS 

average value, The power consumed in an inductive or capacitative 

ae = Rise ma cos e ng v is the phase angle, that is, the angle 
la lead of current. e term “cos ¢” is 

the power factor of the circuit. oe ee 


Zero Phase Current in 90° Logging Phase Current in 90* Leading Phase 
Fic. 2.—Phase in a-c circuits. 


DIRECT-CURRENT CIRCUITS 


20. Direction of Current Flow. ‘An electric current is a flow i 
charges. Bleetrie charges will move through a medium of hare cos 
ance if a difference of electric potential exists between two points of 

hat medium. In metallic conductors there is but one type of charge 
which is free to move, the negative charge or the free electrons of the 
conductor. The current in a metallic conductor then consists solel; 
oS an electron current. The convention arose historically of speaking 
of an electric current as flowing from the high potential (positive) 
to the low potential (negative) point, while, as a matter of fact, the 
clectrons of the conductor actually move in the opposite direction. It is 
ary to distinguish, therefore, between the direction of current, 
: the historical sense and the direction of flow of electrons. 

R Constant Positive Resistance, Negative Resistance, and Infinite 
jesistance, In a d-c circuit the relationship between voltage and current 
pall orice solely by the resistance of the circuit and all equivalent, 
Hy pipe eee oie Some knowledge regarding the nature 

or hree cases 
desk once Sm HES Present themselves. In the 
de 
mg 

Where 2 is positive and is constant in value 7 

3 is positiy t ver a rather lary 
Sorduetion in solids and electrolytes is of this type. In the second eles 
Ueno cueuits in which de/di has a value which is negative and is 
a > y not constant. Conduction in ares and glow discharges is gener 

'Y of this type. In the third class are those circuits in which 


de 
rH 

c Peer eae 
fuduction in the plate circuit of a vacuum tube under saturation con- 


ditions is of this ty 


hag Peuits of the 


8 ¢ class, in which the differential coefficient de/di 
* positive value, may be subdivided into two other classes. rns 
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value of de/di is constant over the entire range of voltage and current 
from zero to the maximum value, and if this value is designated by the 
quantity 2, then Ohm’s law may be used and e In this case, R 
is both the d-c and a-e resistance. If, however, R is not constant over 
this range of values, the value of R given at a particular value of e and 
i given by the equation 


de 
R= hi 
is only the a-c resistance of the cireuit at the particular value of e and i 
chosen. The a-c resistance aan by this equation may be quite different 
from the d-¢ value as given by the equation 
R=$ 
i 


In a vacuum-tube plate circuit the d-c value of the resistance is frequently 
about twice as high as the a-c value. 


Zero Phase Currentin Logging Phase 
Fra, 3.—Vector representation of a-c cire 


Current in Leading Phase 


ALTERNATING-CURRENT CIRCUITS 


22. Impedance. ‘The resistance to the flow of an electric current 
having the value ¢ = Jo sin wt depends on the cireuit element through 
which the current is passing. In a pure resistance the potential fall 
would be £; = Jf sin wt, which is seen to be in phase with the current 
passing through it. In an inductance the potential fall would be 


By = LE = wily cos ut = jasblesin wt = juli 


and therefore leads the current by a phase angle of 90 deg. In a capaci- 
tance the potential fall would be 


LE 


By = a fit = —25 cos wt = — 2 sin at 
eas 


oC 
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and is therefore led by the current by a phase angle of 90 
potential fall through all three elements Ea iain ‘s ne as 
, 1 
E=(R hs 
a = + fol by; wit 
‘The coefficient of i is termed the impedance of the circuit. It is written, 


in general, as 


: 1 A 1 
S~ Bt jel poy ( = 

Joo jot R+j(oL ae. 
where F is the total series resistance of the circuit, L is the total seri 
y a s ( cuit, L ies 
inductance, and C is the effective series capacitance. The term involy- 
ing 7 is of special importance, for it is this term which gives to the current 
its leading or Jagging characteristics depending on whether wl, is smaller 
or larger than 1/wC. This quantity is known as the eireuit renctance 


Fic. 4.—Reactance and impedance of parallel circuit, 
tin is designated by the letter X, The impodance may be written 


ae 2=R+43X 
Qecasionally the absolute value of the circuit impedance is requit 
It is then written in the follow ing form Se ag ere 


2= Zee 


Where Z= VR +X? 


@ = are tan % 
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In this expression Z represents the absolute value of the impedance, z 
the complex value, and ¢@ the phase angle. 

‘The impedance of a single circuit will be given to illustrate the method 
of obtaining this quantity for any circuit. For a parallel combination 


of circuit elements, such as illustrated in Fig. 4a, it would be obtained 
as follows: 
qa Se 
PRS Wa BET 
1jat * jal 


This equation shows that when w* = 1/LC the impedance is infinite. 
It nls: represented graphically as a function of w as shown in Fig. 
4p, ‘The figure and the eqwation illstrate the case of parallel resonance. 
The case of series resonance is illustrated in Fig. 4c, and the equation is 


2=j(ob - a) which holds for a circuit having only an inductance L 


and enpacitance C in series with the em.f. In the series ease, the 
impedance is zero ‘at resonance; that is, when #* = 1/LC and in the 
parallel case the impedance is infinite at resonance. 

23. Circuit Parameters. Every electric circuit, no matter how com- 
plicated, is made up of a particular combination of inductances, capaci- 
_ tances, and resistances. These parameters and the manner in which 

they are combined with one another completely govern the performance 

of a circuit and determine the value of the current at any point of the 
circuit, at any time for any given value of the impressed e.m.f. or combina- 
tion of e.m.fs. : 

Inductances, capacitances, and resistances may be lumped or distrib- 
uted in nature. ‘They are rded as of the former type if their values: 
are more or less concentrated at one or a finite number of points in a 
circuit. For exept the inductance of a cireuit_ would be considered 
as lumped if a definite number of places in the circuit is found where 
inductance exists, and at all other points a comparative non-existence of 
inductance. On the other hand the inductance of a uniform telephone 
line is considered as distributed since it exists along the entire line and 
may, at no point in the line, be neglected. 

24. Circuit Equations. Tivery circuit may be completely expressed 
by a system of simultaneous equations. Having expressed © particular 
circuit in this manner, a solution may be obtained frequently without 
difficulty. Since the equations are of primary importance, methods of 
obtaining them will be given. 

There are two distinct cases. When a sinusoidal voltage or combina- 
tion of sinusoidal voltages is impressed on_a circuit, a.c. flows in every 
branch of the circuit as a consequence of the impressed e.m.f. This 
current may be divided into two [age One part is known as the 
transient current, and the other as the current of the steady state. The 
transient current disappears very shortly after the voltage has been 
impressed. The steady state continues as long as the e.m.f. continues 
in its initial state of voltage, frequency, and wave form. Often only 
the steady state is of interest. Examples of this are to be found in 

studies of r-f transformer performance and in studies of electric filters 
of the low-pass, high-pass, or band-pass types and in the studies of the 
various characteristics of different antenna-coupling methods. At other 
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times the transient condition may be of primary interest; as, for example, 
in the study of the fidelity of reproduction with regard to wave form ol 
an electromagnetic or electrodynamic loud-speaker motor. 

If interest centers only in the steady state the following method is 
to be used: Apply Kirchhofi’s second law which states that the sum of 
all the e.m.fs. around any circuit is zero, writing one equation for each 
branch of the circuit, and using as the potential falls the values jal for 
each inductance, J /jwC for each eapacitance, and JR for each resistance. 
If inductances, capacitances, and resistances occur that are common 
to two or more branches, they will be used once for each of the common 
branches paying due regard to the sign of the term. 


R £ Ry Ry Roky 
NE c: “E LSB NE 
Lt 7 [aye Peg | Le 
w 


to 


fo) 
Fic. 5.—Circuits illustrating use of Kirchhoff’s laws. 


This method may be illustrated by the examples of Fig. 5 and the following 
equations: 
For circuit a: 


Peake 1 1 
B= IR + jal +3, = [re Co -2)| 
= 1(R +5X) 
I=; BE 
R4iX 
For circuit b: 
B = hits +ialah +544 — joM Is = fin, — joM Is 


Ts 


0 = 13R: + jolals + 5a —joMI, = Ins — joMIy 


Shere 2; is the total complex impedance of circuit 1, and 2: is the total com- 
plex impedance of cireuit 2. aS, : 
For circuit ¢: 


E = 1 Ri + jolaly + joolols — joMIs — joolal: 
= Titi — jol(M + Lo) 

0 = IR: + jol'sls + jolols + joel: — joMIy — jolels 
= Is — jols(M + Li) 


In these equations J is the maximum value of the sinusoidal 

I 1 current, and 
soiS, the maximum value of the sinusoidal e.m.f. ‘These equations may be 

Tei for any of the currents by the method of simultaneous equations. 
heltt the transient values of the various currents, Kirchhofi’s second law may. 
iy Geet, a8 before, but instead of using the values of potential fall as given 
t heey juat 3 i 
inouig receding equations, use the instantaneous values. ‘The equation for 


e=iR+ih +4 ide 
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or 


eet ae Currents in Two Circuits Coupled by a Mutual whos 
HR Sinuavidal BMF, E, Beate tu Cronies) ust Impedance, M, a 
E 
where ¢ and i are the instantaneous values of the impressed e.m.f. and cut he OTE 
rent respectively. For eireuit b, a +o 
eth + Lit +O finde — ute 4, -2Mh joe 
A 2 "im Foil? 


O = Gah + LF +h fia - uit 
To obtain the transient solution, ¢ and de/dt are replaced by zero and 
equation solved by the methods used for linear, homogeneous equations 
the first degree. 


- 25. General Characteristics of A-c Circuits. The general equatio 
applied to a number of the more important radio cireuits yield tl 
following results. 


Current Flow in an Inductive Cirewit: 


Re 
i= He - et) 
where F is the constant impressed e.m.f, 


Time Constant of an Inductive Circuit: The time required for a current 
riso to ( — +) or to about 63 per cent of its final value. ‘This timo is 


toL/R. 
Current Flow in a Capacitive Circuit: 


where 2: and z: are the complex impedances of circuit respecti 
Effective Reactance of One Circuit Coupled to a Second Coniiin rey, 


. ome 
xX =X, - Sx: 


where X1 and Xs are the actual reactances of circuits 1 and 2 
and Z; is the absolute value of the complex impedance of circuit 2 
Effective Resistance of One Circuit Coupled to a Second Circuit: 


Rak + Fee, 


where 2, and R; are the actual resistances of ciroui respec! 
EGective Total Impedance of One Circuit Coupled toa Becnrat ciepactively. 


fg Oe otM? 
vamat 7 Ri +i. + pay, 


= + Me tile, ext 


a tial Resonance Relation Oltained When Only the Reactance of Circuit 1 
o'M?, 


t 
ne Be 6 - xX Te 
if, Vatial Resonance Relation Obtained when only the Reactance of Circuit 2 


where # is the constant impressed o.m.f. ? 
Time Constant of a Capacitive Céreuit. ‘The time required for, the ou 
to fall from its initial value to 1/¢ or about 0.37 of this value. This time 


X= Oy, 


to RC. Total Opin nos Ealcaea oni 
“Current Flow in an Induetive-capacitive Circuit: Land's We Patanhen eon soe tha, Heel ioe ef ets Creme 
Rt Cave I: If M? < RRs 
En 4L - 
i= -F€ 2L sin wt, if Rt < Resonaince relation X; = 0 and X: =0 
ol ¢ Cove 11: If wM? > Bikes 
Rt 
x -# 4 4L Resor fon EE MT Xs 
i-Ze% vate mance relation 2 = SM* Xs 


Case 111: If wM? = RR: 
Resonance relation X; = 0, X: = 0 
Re _ othe 


Ry ae 


Total Seconda, is 
m ry Current at Total O; reson ic 
Eeing Im Furcent at Total Optimum Resonance Relation, the E.M-F, 


where w is 2 times the natural frequency of the circuit which is given by 
equation 


Logarithmic Decrement. Ratio of successive maxima of the current in 


z, 
oscillatory discharge is equal to 


Rr oR fave 1: If WM? < Bikes 
eth = elt I; =~ 0ME 
where R/2L/ is called the log. dec. of the circuit, is the natural period, Pe ka tee 
: f the natural frequency of the circuit. Hence, G. W., 


“Electric Oscillations and Electric Waves," Chap, XI. 


I 
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Cases 11 and 111: If w*M? = Rifts 


1 for oases II and ITI ia neon to be greater than for oaso T and is independent 
ofoM. 
MAGNETIC CIRCUITS 

26. The Fundamental Quantities of Magnetic Circuits. The fi 
fundamental quantity is the magnetic flux or induction. The unit 
flux is known as the maxwell and 1s defined by the statement that from 
unit magnetic pole, 47 maxwells, or lines of force, radiate, 

The second fundamental quantity is the reluctance. It is analogot 
to the resistance of electric circuits, as the flux is analogous to the curren’ 
The unit of reluctance is the oersted and is defined as the reluctant 
offered by 1 em cube of air. 

‘The third fundamental quantity is the magnetomotive force (m.m.f. 
It is analogous to the e.m.f. of electrical circuits. The unit of m.m.f. 
the gilbert and is defined as the m.m.f. required to force a flux of 1 maxwe 
through a reluctance of 1 oersted. Thus the fundamental equation i 
which these three quantities are related to one another i 

M = oR 

Other important quantities of magnetic currents may be defined 
follows: the magnetic field strength is represented by the quantity H and 
equal to the number of maxwells per unit of area when the mediu 
through which the flux is passing is air. ‘This unit is known as the ga 
if the unit of area is the square centimeter. 

Tn any medium other than air the lines of force are known as lines 
induction and the symbol B is used instead of H to represent them. 
air the induction B and the field strength H are equal to one another, bi 
in other mediums this is not true. 

‘The permeability u is the ratio between the magnetic induction B at 
the field strength H. In air this ratio is unity. In paramagnetic mat 
rials the permeability is greater than unity, in ferromagnetic materi: 
it may have a yalue of several thousand, and in diamagnetic materials 
has a value of less than unity. 

The intensity of magnetization T is the magnetic moment per ui 
volume or the pole strength per unit area, The unit of magnetic pi 
strength is a magnetic pole of such a value that when placed 1 cm from: 
like pole, a force of repulsion of 1 dyne will exist between them. 
magnetic pole strength per unit area of any pole is measured in terms 
this unit. The magnetic moment of a magnet is the product of the pr 
strength and the distance between the poles. 

‘The susceptibility K of a material is equal to the ratio of the magneti 
tion J produced in the material to the field strength 11 producing it. 
of these quantities are connected by the following equations 


Magnetization curves are of great importance in the design of magnet 
structures and should be immediately available for all materials wi 
which one intends to work. These curves may give either the values 
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ion of H for the material, or the val fT i 

H. Atypical B-H curve is shown in I’ eesti pa data 
Byala Weare geen wn in Fig. 6, The ratio of the coordinates 
ue of » for the material at the 
particular value of H chosen, 
The ratio of the coordinates 
an J-H 
gives the value of the sus- 
eoenuty, K. 

Magnetic saturation is a 
phenomenon occurring at 
argo values of HT when the 
induction B inereases at a 
much lower rate with in- 
crease of 71 than is the case 
for small values of H, 

‘The retentivity of a sub- 
ae if an ete of Bin the 
material when the field H i i 
z ced to zero after having Bro. 6r— Typical BH curve. 
rst heen raised to above it i is gi i 
ofthe Bee. eve i saturation value. Tt is given by the point A 

he coercivity of a material is the minimum negativ 
med to just reduce the induction to zero after the eld aoe it 
Seed been raised to a positive value sufficiently large to saturate the 
rial, It is given by the point C of the B-H curve of Fig. 6. 


27. Magnetic Properties of Iron and Steel. 


curve similarly 


Material Cooreivity | Retentivity | Maximum | 4x7 at 
¥ | permeability | saturation 
] 
2.83 11,400 1,8) 
1.30 9,400 samo | 
15 10:600 | 31550 
0.37 11,000 14,800 | 
52)4 7500 10 | 
114 51100 240 
46 51850 00 
640 8,600 105 
64.0 9000 04 
19210 8,000 
| 


notie splectromagnetic Structures. In this type of structure the mag- 

naequence th is usually very soft; its coercivity is very tow; and as a 
The m.mf. Mf, ee must be supplied by a continuous electric current. 
M = 0.4m N'7, hin ue 8 oe electric current, is given by the equation 
turns on the elesicombapist. current in amperes, and N is the number of 


'Y our most fundamental relation for magnetic circuits 


M = oR 
O4eNT = Rp 
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The design of a magnetic structure is usually begun by a considerati 
of the flux requirements in a particular air gap. ‘The size and shape 
the air gap are neal given, and the flux density desired in the 
gap is known. From these data one can compute R and ¢._ For tl 

juantity ¢, ¢ = BA, where A is the area of the air gap and B is the fl 
deneity desired. This equation assumes no leakage flux, and since tl 
is a condition never realized in practice and from whieh there may be 
far from negligible departure, one must add to the value of ¢ given 
this equation a correction the value of which is dictated by experien 
For the quantity R, R = L/A, where L is the length of the air gap a 
A is the area. This equation neglects the reluctance of the magn 
itself and of all other iron parts of the magnetic cireuit. Since 
reluctances but that residing in the air gap are very small in eompariso 
this procedure is usually justified, although there are cases in whic 
additional reluctance must be taken into account. In such cases 
reluctance of the other parts of the cireuit is computed in the same mann 
as that of the air gap, except that an estimate of the permeability 
the part in the circuit in question must he made and its equivalent air 
reluctance computed by dividing by this permeability. Finally, 


This equation then completely determines the value of the am 
turns NJ from the original data. This is the important quantity in 
design of the electromagnet. The separate values of N and J are un 
termined by this equation, other considerations such as the nature 
the current supply, the size of the coil, the heat dissipation that can 
permitted and the cost being of paramount importance. 

29. Core Materials for Receiver Construction (The Editor). Si 
such materials operate under widely different conditions each mate 
must be properly selected for its particular task. For example, materi: 
used in economical audio transformers are too expensive to be used 
power transformers, 

Power Transformers, Material for cores of transformers supplyii 
energy for plate and filament circuits is selected as for any power tral 
former upon & watt-loss basis, ‘This information is reliably supplied 
manufacturers of such material, and measurements of this factor are 
generally made by the user of the material. Loss tests are made 
complete transformers to determine the suitability of the material un 
consideration, 

‘The mechanical properties of the sheets submitted by various st 
pliers are important. By causing injury to or premature loss of a 
poor mechanical properties may tie up 2 production schedule. Wa’ 
irregular sheets necessitate scrapping wide strips from both sides of 
sheet and introduce an unexpected cost. 

Permeability of the core material is of importance where limited s| 
or weight requirements make necessary the use of flux densities 
14,000 gausses or higher. Here a high permeability is indicated to av 
high exciting copper losses and poor voltage regulation. 

Audio Transformers: Filter Reactors. Here the permeability is 
importance. e factor to be used is the working permeability or ap; 
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a-c 


OI es 
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permeability instead of the theoretical ° 
f-B curves, ‘This useful value must be obtained face ioe oe oF 
inductance of some definite design of choke or transformen ‘Goch ns 


mers and chokes the core 


material is polarized by a ralaiteely high unidirectional magnetizing 


rough the filter), 


The apparent a-c permeability may be determined from the following 


expression taken fi ? 
Core Materials for Radio.” “°#heny’ Steol Compan 


y's book, “Magnetic 
La X1 x 108 tx 108 La 


#0 = 1256 X ARN: * 1.250AN? * Fy, 


where La = apparent inductance in henrys 


= cross-sectional area of core in square centimeters 


Ky = core stacking factor 


N= number of turns in the windin 
1 = length of magnetic puth in centimeters, 


The aout. 


tance but does not affect the permeability determinations, 


The value of the stacking factor for any design is gi ividing 
Product of the core volume (cubie centimeters) and the BAY, ae 
0? the core material into the actual measured weight of the core mate 


in grams, 


Ww 
Ki=y; 


Where W = weight of i iV = ii i ii 
sel ait tt a nat: Yolme i ub enimetn: g = 


‘The value of g may vary as follows: 


licon steel with silicon content 2 per cent or les 
88 
licon steel with silicon content more than 2 per cen 
t r 


Manufacturers of transf ii 
natant rs formor iron supply curves from whi i 
nay learn the incremental or apparent wee pormenbility of theron fee 


wes tO use. 
Aetermined by usi 
foi? determine ti 

lowing schedule: 


‘Total m.m. 
re 


Wher 


7 {foes curves the inductance of & core winding may be 


‘he inductance of a winding on a core with an air gap use the 


f. = 1.256 XI XN = - 
fie ey Aes Hil + Hala = Hils + Bola 
umber of turns in the winding 


Ti and ls = the iron and air 
Ay and Hs = paar potential gradients along these paths 


qT 


Hz = Boin 


his ae elton ie 
Rj equation is that of a straight li i ical axis 
sal/,curve at point corresponding to Hy <0 und ey ser oa 8 
3 the horizontal axis at a point correspon 
-m.f./l. Thus the d-c finx density in the core and the magnetic 


= m.m.f./lz and inter 
ling to By =0 and 
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potontial gradient in the iron part of the circuit and the a-c permeabilit, 
Cre = BH) may bedetermined. ‘The a-e reluetivity is the reciprocal of the. 

permeability. ‘The apparent réuctivity is equal (in cases where the air gap 
1 por cent or less of the iron path) to the a-c reluctivity plus the ratio of 

air gap to the length of the mean iron path. ‘The reciprocal of this value 
apparent reluctivity is the apparent permeability which, substituted in 
formula above, determines the inductance. 


RADIATION 


as the first power of the distance from the source and is, furthermor 
directly proportional to the frequency, and the other varies invel 
as the second power,of the distance, The former is known as 
radiation field and the latter as the induction field. Though in 
tinguishable ppeeee the induction and radiation fields have a sepa 
mathematical existence Secon exon, for the phenomenon 
energy radiation. The energy of the induction field returns to the 
ductor with the completion of each eyele. Its existence is confined, 
one might expect, to the neighborhood of the conductor, whereas 
radiation field may be thought of as a detached field traveling outw 
into space with the velocity of light and varying much more slowly 
intensity with distance from the conductor than the other. 

81. Vertical Antenna. The most sate form of antenna is the vertit 
wire. The electromagnetic radiation field depends on the strength 
the current in the wire, and as a consequence its intensity is. ine! 
if the current throughout the vertical wire is uniform. It is for 
reason that a counterpoise is usually attached to the lower end of 
antenna and a horizontal aerial to the upper end. The capacity 
the counterpoise and aerial may be made so high that the current thro} 
out the vertical portion of the wire is practically uniform. 

Under these conditions the magnetic field at any distant point is given 
the equation 


oh. L 
H = Toa cos o( —;) gauss 
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where @ = 2xf 
= frequency of oscillation 
aximum value of the current in the an| 
¢ = velocity of light in centimeters por second in vacuum 
1 = distance from the source in centimeters 
A = hoight of antenna or length of vertical wire in centimeters 


3004sh ro l 
cos o(« = =) volts 


10et 
These equations’ are derived considering the antenna as ai fi 
mn oscilla 
The effective values of the magnetic and 


and 
Ea 


by 
Hertzian doublet of separation 4 
electric fields are 


He = lle | Orhte 

: 10cl ~ ~ "10 
EB, = — 200s _ 800nhIe 
Wel 10 


where J. is the effective value of 

a ‘fe gietromnmscns alae the antenna current, 

eee Antenna, The field due to a loop antenna is given by the 
Achle . ms 


He= Tor 88 
_1L200rhI. ws 
ton" X 
eS 2 . 5 
Mero « is the distance of separation of the vertical portions of the loop in 
$3. Coil Antenna. For a coil of N turns havi igil it 
8. 5 having negligibl 
betoveen turns at the frequency considered s0 that the eurrent in all turns 
substantially the same, the field is given by the equations 


and ) is the wave length 


Ee 


_ 4eNhle 38 

Bes Fo Sy 
1,200xNAI. x8 

Bom Saar x 


34. The fundamental and h: i 
= harmonic frequencies of oscillation i 
antenna may ‘be caleulated in many cassis If tho, indugtance and 
ity x wire of the ant ’ 
sabacity and inductanoa are given ty the covet ene 
C= 1c; 
Lain 


Where C; and L, ity and i 
Taare Cand Za are the capacity and inductance per unit length of 
and Lis the length of oa aay’ ba 
ay gth of conductor. These 
ulated by means of accurate formulas which are avatlatigs Pe 


Th 
hen the low-frequency reactance of the antenna is 


Advanced Course, pp. 278f.; Monecnorn, “ Princi« 


indards Cire, B 
lards Circ. 74, pp. 72." 
dards Cire. 74, pp. 231243. 


Oe 
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‘The high-froquency reactance of the antenna is given by the equation 
Xi = ~ fF cot at Viki 
; 
‘Tho roactance of tho antenna becomes zero when 


wl Cli = mg(n = 1,3,5- ++) 


36. Energy in the Field. ‘The energy 


any point is given by the equation’ of an electromagnetic field at 


if 


U = deem + ut) 
where E is in electrostatic units inst i : 
Vion, «is the dclectrie constant, and’ the erie a 


In freo space id 4 the permeability of the medium 


that is, when 


Pid eats, 1 
t= Gen v= d+ 


‘Tho reactance becomes infinite when Bat, in general, 


wl Cli = m5(m = 0,2,4+++) 


that is, when 
m 


‘Or en ao ee 
Qe A CLy 
If the inductance of the vertical wire is to be considered, or if a series ind 
tance is used with the antenna * 


X sol. — 4/4 cot lV Cli 


rae 
ED Ht. 

= Fe = gp in free space. 

‘The energy flux through 1 sq em of i 

dircetion of propagation, is given by the equation ene t0 the 


where L. is the total inductance of the vertical wire and any coils in se 
with the antenna, 

‘The harmonic frequencies of the antenna at which the reactance is 
do not differ by multiples of x as before. ‘The natural frequency of oscil 
tion is given, however, quite generally by the equation 


ola = NE vot wl CiLi = 0 


cot wl Cali _ Le 
wy Cla 


35. Antenna Resistance. ‘The resistance of an antenna may be divi 


Where £, and H, represent effecti 

¢ Band H, repre: tive values, and By i 
Fples of. the electric and magnetic 7 in yeret tener bie ear i 
Wire anguive Values of the electric and magnetic fields due to a vertical 


into three parts in which the power dissipation is of the following kin E,= — Pehle Sau, 

1, Radiation, 

3 Joule hent, Hoa Coen 

3, Dielectric absorption, 10N 
‘The power radiated depends on the form of the anton s=2 Ge * onl 
tional to the square of the frequency of oscillation ai de VION 10°42? 


Then the 
i total radiati i ; 
its Taxitnue gadintion from a vertical antenna, assuming that H has 


variant, Value in the equatorial plane of the antenna and that its 


al i 
POnSten oe aS a: al plane at a distance ¢ from the antenna follows a 
as the square of the wave length. The ohmic resistance to which 


law, is given by the expression 


‘oule heat is due is approximately constant, the skin effect and otf anta( Chel 
fi i i or ml Oa\aya) CPS Per second 


components of resistance are added to obtain the total resistance, 
finds that for every antenna there is a wave length for which the 
resistance is a minimum, 


60r*h77.2 
ar — watts 


“Sans, J. 1," 
- H., "Mathematical Theory of Electricity and Magnetism,” p. 518 
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All these effects result in an increase in energy loss in the circuit over 
and above that given by Ohm’s law. It therefore becomes necessary to 
introduee the concept of a-c resistance or fective resistance, which is 
defined by the more general joulean relationship, 


P = @R eficetive (3) 


SECTION 3 where P is the power loss in the circuit due to all causes and iis the effec- 
tive So pe circuit. feat w for continuous currents follows 
directly from this more genera ion, : 
RESISTANCE 2. Units of Resistance. The practical unit of resistance is the ohm 
and is defined by Ohm’s law when the voltage and current are unity in 
By Jesse Marsten, B.S." the practieal system. It has, however, been arbitrarily defined as the 
: gem in whielgf sistance at O°C. of a column of meneury having a uniform cross section, 
1. General Concepts. In any electrical ae or syst peer atl a height of 106.3 em, and weighing 14.4521 g. Owing to the increasing 
there is a flow of current there is a certain amount of energy continual 0 oF resistors having resistances of the order of millions of ohms, the 
ne een a pect thn cnptin of ene may take one ot wg" wat ako cmplove.” The meg eal to {the rota 
i resent this pat 5 inti |. Speci - It is found experimentally that the nee 
fecansiiery may. be a, evolution Pe ee era Bre lie of an eleetric conductor is direetly proportional to its length and inversely 
rgy into space. Such energy io » its cross section: 
Of eloctie conductors or systems termed rettance raid R=, @) 
When dealing with continuous currents, the resistance of A 
or network, R, is adequately defined by Ohm’s law, eS: 2 4 
oie ‘The proportionality factor p is called the resistance of the con- 
E= ee ctor and is ® function of the material of the conductor. Fe 
‘ r network and 7 tom this definition of specific resistance it is apparent that any 
Fee peta ky eters en Gack sent: duos polaiantlllnisen chaise te ote specific resistance, depending upey 
the current diils cane the disdipation of ene: ntirel@ the units chosen for Land A. | ‘The unit generally employed in practical 
Ceo tier eins tion, and the rate at which electrical energiil tgincoring is the ohms per circular mil foot, and. is the resistance at 
ie el acaba cameention, and tbe rele ee | ft. length of the conductor having a section of 1 cir. mil (diameter 
is thus converted 


P=0R a Volume Resistivity. If, in the above definition, 1 and A are both 
nit; 


jelisre Pts the power or rate at which clectrical energy ie being ‘lesion material and may be defined us the volume resistivity of the materel, 

in the form of heat, 7 is the contim > 

ro iret ease i pM] (it volume of the material but is specifically. the resstanee ct oy 
has laws ‘nsufficient, to define resistance in a-c circuits. I I material is specifically i 


oe ¥ | & 
fornia tally that the rate af which beat is evolved in a clfd ‘ume measured across faces whose areas are each unity. 
fow 


A i resistance of the cire i 
ceeds that which would be necessitated by the ‘ance the resistance of the conductor to d.c. may be computed from 
sa determined by Ohm’s lav ‘This is due So ieee ee oe Consistent units must be employed. ‘The resistance. tes 
magnetic and electrostatic fields around the circuit is Among theif ;e™Puted will be correct at the temperature for which the specific 
introduce effects which increase the losses in the circuit. 4 Stance applies. ‘To obtain the resistance of the conductor at any 
effects may be enumerated the following major ones: “ther temperature a correction will have to be applied. 
; asses is in and Me, 
nh Bddy-ourrent losses in conductors and other m: of metals in an faci Pei an mat ; 
the otppant i i i of its temperature. 
is losses terials. ite vempers 4 fs 
& Bidclste oosee in the fasalating mpdiams. a juntered in practice the change in resistance due to temperature vary, 
4. Absorption of energy by neighboring conductors or cireuits by indu is directly proportional to the change in temperature: 
5. Radiation of electromagnetic energy into space. ag 
6. Skin Effect. Increase of conductor resistance due Ry = Rill + als —4)) (5) 
eens and R., are the conductor resistances at temperature t, and 4 
* 7 i 3 iate member, American Instit 1; and R,, are conductor resistances at perature 4; and ty 
iJ Saas aie Ses ee rat mete 
48 
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B = iRequiv. = 1 + Or + +++ +e = Ri+Rit --- +Ri = 


‘The proportionality factor « is defined as the temperature coefficient 
i(Ri + Rs +++ + Rn) 


resistance of the material and is the change in resistance of any ma‘ 
‘ohm per degree rise in temperature. j 

‘All conductors do not react alike to changes in temperature. Met 
for example, have a positive temperature coefficient. Some allo; 
such as manganin and constantan, have practically zero temperat 
coefficient and are therefore used primarily for resistance standards. _ 

‘A knowledge of the temperature coeflicient of conductor materi 
enables one at times to make more accurate determinations of 

erature change than is possible hy thermometer measurements, especi 
Jr cases where parts to be measured are not readily aecessible. “Resi 
unee determinations of the conductor are made at both tempera’ 
and the temperature change computed from Eq. (5). 


6. Properties of Materials as Conductors. 


ze Regsiv. = (Ri + Ra + +++ + Rn) 
n 
Rese. = YR 
1 


The reciprocal of the equivalent resistance of , 
feonnected in parallel is Stree ng ite 
eamncted parallels etal to the sum ofthe reeprocls ofthe ind 


(mGiEe Eas hide eee E 
: = is : if Boat te 
a ee ean ee ee 
fee) BO Weee el te oe 
1 


9.75 0.004 
BS | $e MMO mic nese 1 ny to ators tis oe setenees of 
% ‘ i 8: oy mi ae Ss na 4 euxers Cee is uniformly dissbuted ores ie 
ite" 900019 feance inereases for non-uniform diced eee on 
wo | en MM eae Sua tina 
ae 204 0.00002 lines, outside and inside the conductor. ut ihe SNe 


‘eont; nickel, 45 a A 
iene taiekel, 60 percent; cbrorium, 18 per 


® made up of a number i i 
inte aap number of conducting elements 
ally a being 4 surrounded by more flux lines Parts meee, 
q nee and, therefore, the current i interior 
sure eee ess i Mages the eieior Cs read 
2 rd the surface of the cor ivi 
aim current density. "This imperfect Senstration tof mmc int a 
crea tor resulting in an increase in resistance, is termed skin effec. 
et in a conductor is a function of the following factors: 


wd 6) 


ry 


7. Resistors in Series and-Parallel. Simple and complex networl 
resistors may be represented by an equivalent resistor which may 
expressed in terms of the individual resistances making up the nets 


wi : 
here ¢ = thickness of the conductor 
J = frequency of current 
* — bermeability of the conductor 
Specific resistance of the conductor in microhm-centimeters, 


It is possi 
i possible to compute accurately the h-f resistan i 
Facts conductors from involved functions of the above factor. To 
Ne ratio of fey jomputations tables have been prepared from which 
‘mined, this nance Ry to deo resistance Rs may be quickly deter- 
Treaist ont He contr and the easily measured d-c resistance the het 


Fic. 1.—Simple series Fic. 2—Parallel cir- 
circuit. cuit. 
‘The equivalent resistance of a number of resistors connected in 


is equal to the sum of the individual resistances. Referring to Fig. 
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The table below gives the values of Ry/Rv for different values of 11, Reduction of Skin Effect. 2 
factor In view of the tendency of the a. 
nt to crowd to the surface 3 
curre! } s 
‘of the conductor a igh Ha ‘l 
uencies, the remedies whic 2 
i. a been found practical in a 
where d is the diameter of the wire in centimeters, p is the volume real "A\Cuhe an iimprovement in |S” 
tivity in microhm-centimeters (1.724 at 10°C. for copper), « may be the resistance ratio Ry/Rohave 
puted for any particular case, and Romay be measured at d.c. or com been those in which the con- 
ductor has been designed so ,; | 23 
9. Ratio of H-f Resistance to the D-c Resistance for Different Vs that it egal a skin to the & 
of 2 = nd/2uf]p X V/1/1000. “a aes j pane . Ble 
posi Chet . Use of Flat Cop; rip. ag 
Whilo skin effect is present, for 3} 
is aoe z Bee s Rill the same cross-sectional aren a g oF 
it strip gives a lower resistance aan | 
ratio than do round conductors. CE: 
8. 4.9009 Fat re & 2. Use of Tubular Conductors. g 731% 
0.6 10007 2.254 16.0 5. Hore the external magnetic field . 3g 
97 1-901 Bert mi rE pps erentor than the internal at— ? 
i 002 304 X if |. and therefore all parts o! a 
0 T0084 3403 | it! 8.20 the conductor are affected alike &%| $= | € 
10 1.005 9,588 cae rt the field, thus reducing the «| © H 
ul 1,008 2/603 20:0 7. in offoct. fy 2 
2 Lon Sort i 7 8. Use of Litzendraht. Ac- gg | 4 
13 1.015 2743 21.0 7" cording to Eq. (6) the smaller §| &= 
La 1,020 2.813 22:0 8. the diameter of the wire theless “| 9 
15 1026 2.884 28.0 8 fheakin effect. | Litzendraht is $ ma 
: 5 led cable made up of alargo 2 
Hed 1.038 3-084 25.0 9. humber of fine strands of wire. B | 5 
Ls 1.052 3.004 26.0 o hen certain precautions aro bf Salat sssscsssss sso. 
| ER UB | 8) | BMIM morte calmer etm elas | | sausgsgtoe FE 
i 4 123 10) ich lower resistance ratio than 3 See Bx! 
a ie eaaiihee: | a a sold copper nucofeuuat | 8 BeceeeeEaS S52 
24 11152 31376 a 4 tae Lae et betes H “| eee 
‘ : «Lach strand must or- 5 
28 1300 az | 38:0 | 1g: QoNM ¥Rhly’ insulated from every A] eg = 3 
3.0 1318 8.587 40:9 14. Payer, strand to avoid contact g ee | | S886nésse Ss 
D 15. stance, Sssosssoes Soo 
3.2 1,385 3.658 44.0 16. . Braiding must, be such that, Fry 
34 1.456 3.728 strand passes from the con- + 
a8 1.539 8.700 9.0 1. ter to the outside of the conduc- 
40 1.078 4151 50:0 174 intervals—a sort. _—| 
60.0 =| 21. n. This ensures | 
4.2 1.752 4.397 70:0 261 are affected alike 
44 1.826 4504 by the magnetic flux. bi, 
4.6 1.899 4.680 80.0 28.1 ¢. Eacl con- a 
a8 1971 4.856 00:0 Esc See aut be con 28 
5.0 2.043 5,083 100.0 35. 2 2s ic] 
Rete, Types ot Resittors. 8 3 
‘<sistors generally used in ra- ae 
It is frequently useful to know the largest diameter of wire of differ - foand allied applications may ee , 
materials which will give a ratio of Ry/Ro of 1.01 for different frequ rondly classified as: 55 
Fora ratio of Ry/Ro equal to 1.001, the diameters given below 1; Fixed.rexiatora: g 
be maltipled poe and for R;/R» equal to 1.1, the diameters sI 2. Variable resistors. # 
’ ¢ ¥ 
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Each of these groups may be further classified on the basis of the nat 
of the conducting material of the resistor, as 


1, Wire wound. 
2. Composition (employing carbon). 


18. Fixed Wire-wound Resistors. As commonly made, these 
wound on (1) ceramic forms, (2) strips of fiber or bakelite, and (3) 
of textile cord or glass fiber, These ese are then embedded in 
covering or coating for protective purposes. * The nature of the cover 
depends upon the-core and power rating of the resistor, ‘The charac! 
isties of the wire-wound resistor are those of the particular wire emplo 
and generally show a negligible or slight, temperature coefficient. an 
voltage coefficient, i.e., the resistance is independent of the appl 
voltage. Wire-wound resistors are used in radios at powers rangi 
from less than 14 watt to 200 watts or more. ‘To cover this wide bi 
different designs and structures are used, which for convenience may 
classified as low-, medium-, and high-power resistors, which corres; 
to the core structures (1), (2), and (3) above. 

14. Protective Coatings for Wire-wound Resistors. Coatings on 
are supers to protect the windings from mechanical injury, to prevé 
electrolytic effects and consequent corrosion due to penetration 
moisture, and to provide an insulating covering for the winding. 
ings most widely used in practice are as follows: 


A, Vitreous enamel coatings. 

B, Coment coatings employing inorganie binders, 
C. Cement coatings employing organic binders. 
D. Mol bakelite. 


Coatings in the first two classifications A and B, are capable of wi 
standing temperatures in excess of 250°C. without deterioration, 
afford a high measure of protection against humidity. Exception to 
latter statement are coatings employing sodium silicate (water gl 
binders which are highly hygroscopic and, therefore, unsuitable wl 
resistance to humidity is an ap poet factor. 

Coatings in. classification are capable of withstanding tem 
atures up to about 175°C., this varying with the nature of the bin 
Resinous binders stand lower temperatures than asphaltic bind 
They are, however, superior to the higher temperature coatings in t 
moisture-resistant. properties. 

Coverings of the last classification, D, are capable of withstan 
temperatures from 100°C, to 160°C., depending upon the nature of 
bakelite used. The ordinary general-purpose molding materials 
wood-flower base are good ‘for the lower temperatures, whereas 
asbestos- or mica-filled bakelite is good for the Be temperatures, 

15. Rating Wire-wound Resistors. In view of the low temperatt 
coefficient of the resistance wires generally employed in radio wire-w: 
resistors, the resistance change with loads normally encountered is = 
‘The rating is, therefore, primarily determined by the power the resi 
can dissipate continuously for an unlimited time without excessive 
perature rise or deterioration of the resistor. Some manufacturers 
resistors on the basis of the power that will produce a temperature ri 
300°C. in an ambient temperature of 40°C., when the resistor is mount 
in free air. Such perfect ventilation conditions are seldom encount 
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Sec. 3] 
As a result, it is generally recommended that such resistors he used at 
Bee fourtb to one-half hie en aK ting, which results in a temperature 
rise of 100°C. to 150°C. In practice even these temperature rises may 
be excessive owing to such factors as poor ventilation, proximity of 
resistors to parts which may not be subjected to clevated temperatures, 
and Fire Underwriter’s approval. The specific application, therefore, 
limits the practical use of a resistor rather than any nominal rating. 


16, Factors Influencing Rating of Wire-wound Resistors. 


1, Heat-rosistant properties of protective coating. 4 

2. Heat-resistant properties of winding core. (Ceramic cores are most 
widely used, which withstand very high temperatures.) 

3, Use of intermediate taps. Taps reduce effective winding spaco, result~ 
ing in loss active cooling surface, reducing the nominal rating. ‘The extent 
of reduction depends upon length of the resistor, being smaller for long units 
than for short ones. On short units 2 in. long tho rating may be reduced by 
‘as much as 15 to 20 per cent, whereas on long units 6 in, long the reductions 
may be 8 to 5 per cent. 


17. Types of Resistors. 1. Low-power Resistors. ‘These units dis- 
sipato 1g to 1 watt per square inch of surface, ‘There are two general 
types (a) flexible resistors and (b) bakelite-molded resistors. Both have 
either a core of cord or glass fiber. ‘The former has a textile or glass-fiber 
covering, the latter is molded in bakelite, The latter are made in 
sizes having ratings of 34, 1, and 2 watts, corresponding to dimensions 
of the order of 4/q in. diameter by 5¢ i long, 14 in, diameter by 1 i in, 
long, and 99 in, diameter by 134 in. long. ‘They are equipped with wire 
Teale making them very convenient for so-called point to point wiring 
in circuits, eliminating the necessity for special fittings for mounting. 
‘The flexible resistors with glass-fiber cores and coverings are capable 
of much higher ratings. Low-power resistors are used largely as biasing 
Tesistors, isolation resistors, and voltage-dropping resistors. | 

2. Medium-power Resistors (Plat Wire-wound Type). ‘These units 
dissipate between 2 and 4 watts per square inch. “They consist of wire 
Wound on strips of fiber or laminated bakelite to which lug terminals 
fire attached at appropriate points. The strip is covered with bakelite, 
tither by molding or other means. ‘This assembly is then tightly enclosed 
ih a sheet-metal punching with mounting holes, or a metal mounting 
Strip is attached m intimate engagement with one side of the resistor, 
*nabling the other side to be mounted flat against a metal chassis, 

This design has many advantages. It is easy to mount. The metal 
€nelosure, or mounting strip, and the chassis act as heat distributors, 
Preventing excessive differences in temperature along the length of the 
pnit. Use is made of the metal chassis and metal mounting to conduct 

leat away from the resistor, which. enables higher power ratings for a 
&lven temperature rise. 

fruley are used in the power range from 2 to 20 watts. Lengths vary 
Tom 2 to 6 in. Widths vary from 14 to 3 in, 5 

. High-power Resistors. These are wound on cylindrical, ceramic 
fores and have cement or vitreous enamel coatings. When inorganic 
fament or vitreous coatings are used, they are made to handle powers 
om 5 to 200 watts, depending upon the size of the unit, at dissipations 
259240 10 watts per square inch of surface, ‘These ratings are based on 

. temperature rise. 
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3. Sliding contact should not wear away resistance wire. 
4. Resistance change per turn should be as small Lec Hee 
5. Slider material should be such that it will not oxidize. 


20. Composition-type (Radio) Resistors. ‘The term composition-lype 
resistor is employed to cover that group of resistors in which a conductor 
is mixed with binder in definite ‘proportions and suitably treated to 
produce a resistor material. This type of resistor has attained a wide 
popularity because of the following advantages: (1) Flexibility in range— 

ay be made in any value up to several megohms; (2) compactness— 
ical dimensions are small for any range; they may be made in 
‘s low as 1 in. diameter by 26 in. long. 

Numerous types of these resistors have been produced, but they take 

two general forms: 


ing is based on manufacturers’ rat 
of 25¢ and B coatings (Art. 14) and 125' 
rise in open air for class C coating. ‘Temperature is measured at 
center of the outer surface of the resistor. 


. Solid-body Resistor. In thi: the resist terial is extruded, 
bd Erase, or master ines fie Anal phiyelent forea.reuieh eevmraiiy iawienld set, 
by) after which it may be subjected to some form of heat treatment. The 
240 so-called carbon resistors are examples of this type. 

° 

d Volts 

$200 

Ph 

B60 

§ 120 vd 

i oh = {a)= 1.0 Meqohm-\, watt Resistors 

s Volts 
40 90306030 120_150_180_210_240_270_300_330_360 
t) Sse er ot 

0 10 2 30 40 60 60 10 60 90 100 


___ Power in Per Cent of Rated Value 
Fic, 3.—Temporature’ rise of wire-wound resistors. A, vitreous e1 
or inorganic coment; B, organic cement covering. 


19. Variable Wire-wound Resistors, These are usually of the 
tinuously variable type, made by winding resistance wire on a 
strip of fiber, bakelite, or other insulating material. This strip may. 
formed into an are and placed in a protecting container. A me’ 
sliding arm is arranged to travel over the winding, thus making eont 
with each turn as it is rotated. ‘The choice of wire and size is de it 
by the resistance and space requirements. 

In I eer wire-wound continuously variable resistors are wound 
that the resistance changes uniformly with the motion of the slit 
contact. For certain, uses, ¢.g., antenna-type volume controls, it 
desirable that the resistance change be non-uniform. In this case 
form on which the wire is wound is sometimes tapered so that the 
ance per degree rotation is not constant. Other methods of ta) 
employed are winding with variable pitch, windingsections of the co 
with different sizes of wire, and copper plating start and finish of 
winding. Some of the factors to be considered in design are as fol 


1. Contact between slider and resistor element should be positive. 
2. Winding should not become loose on the form. 


(b)- 100,000 ohm - I watt Resistors 


Voltage characteristic of various resistors. Curves A are motallized- 
filament type; others are carbon type. 


>. Filament-coated Resistors. In this type a conducting coat or film is 

baked on ‘the surface of a continuous glass filament or other form. In the 

The of the glass filament this is completely enclosed in an insulating tube. 
| “he so-called metallized-filament resistors are examples of this type. 


(cals, Characteristics of Composition-type Resistors. Composition-type 
C@nmercially known as radio) resistors possess properties differing very 
inatkedly from those of metallic resistors. ‘The most important ones 
48 follows and are possessed by all these types in varying degree: 
aa Voltage Characteristics. ‘The resistance is not independent of the applied 
the ag 2nd generally falls with increasing voltage. Typical curves showing 
¥ nner in which the resistance varies with voltage (heating effect due to 
That Present or corrected for) are shown in Fig. 4. 


Percentage change of resistance at a given voltage measurement 
JMlerred to its resistance at some low voltage such ne 134 volts has arbitrarily 
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been. called the voltage coefficient. This coefficient increases as the physi 
size of the resistor decreases and increases with the resistance value. It 
also a function of the ingredients or mix employed in the resistor. Fij 
shows for a given type of carbon resistor the relationship between vol 
coefficient and size and value of the resistor. The test voltage at which 
measurement was made is indicated for each value of resistance. 
‘adio-frequency Characteristics. Unlike wire-wound resistors, 
position-type resistors decrease in value w th increasing frequency. 
effect is very marked in the high-valued resistors such as 1 megohm but 
absent, or very small, in the low values such as 100,000 ohms and un 
The effect decreases with the diameter of the active resistor element. 
effect is not the factor which determines this characteristic. Two fact 
play a prominent part here as follows: (1) the shunting effect of the im 


0 


Resistonce megohms 


8 
Ea) 
g 
3 
32 
é 
é : 
3 
8 
4 
80000 600,—«000=«HOSC«C«RO 
y Frequency-kilocycles 
» 400} Fis. 6a.—Resistance-frequency characteristics of various types of 1-megohm 
S300 i resistors up to 3 megacycles (University of Wisconsin CWA project E-16-5). 
2 200 
2100 i 200 
0c L 
0 Ol 02° G3" 04 05 «06 ~=SCSCSCD 8 
Megohins 
Tic, 5.—Voltage coefficient of carbon resistors. 0 3 
vidual capacities between conducting masses in the resistor element tends $6. a 
reduce the effective resistance; (2) the dielectric in binder and fillers of 808 
resistors and their housings introduces losses with increasing frequency Wl 0 
likewise act to reduce the resistance. 60 
3, Humidity Characteristics. ‘The effect of humidity in general is to eal 
@ tise of resistance, ‘This effect may sometimes be reduced by sul al 505 
reatmont. 
Noise. These types of resistors all show, in varying degree, the p DN 
of mierophonie noise. ‘The desree of poise isa function of the load, size of 4 30 
resistor, and the nature of the materials used in the resistor. In general, 
given set of materials in the resistor, the noi8e level increases with ine Oc. O1 0% 05 10 25 5 10 20 


Fro. Megacycles 
- 6.— Characteristic for filament-type resistor, curried to 20 megacycles, 
in two different insulating housings. 


change in each curve 
of mix or materials 
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22, Rating Composition-type Resistors. The rating of compositi 
type resistors is a more complicated matter. | The temperature coeffiei 
of this type of resistor being larger, it is possible for a resistance chai 
become quite appreciable before ‘a temperature limitation is exe 


350 7 
= | Size'2 Resistor 
a all 


300}-——- 1 {ttt 


i 
28 +4 f 
250 +—-H-HHH + \ 


25 4-H 


g s 
Resistance megohms 


b 
Fra. 7.—Noise-level curves of typical resistors. 


Furthermore, with the higher ranges, such as 0.25 megohm and o 
which the power dissipation may be very low, the voltage characteri 
may be a determining factor instead of the load-carrying characteri: 
It is therefore customary to rate this type of unit on the basis of the 
imum load it can carry, or the maximum yoltage which can be ap} 
to it, without exceeding prescribed resistance changes, ‘The preset 
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es generally accepted are 5 per cent for intermittent rated-load 
chenton and 10 per cent for 50 per cent overload operation, 

Ms a result of recent developments, notably the development of insu- 
Jated resistors in which the resistance clement is molded in bakelite 
and also the development of new mixes, it has been possible to increase 
the rating of given sizes of resistors. It has especially been possible to 
increase the rating of the smaller sizes of insulated resistors. | This was 
made possible by the discovery that the temperature rise of the very 
Thort_tesistors is appreciably lower for a given power dissipation than 
would be expected from its reduced cooling surface, The reason for 
{his is that the metal end terminals, because of shortness of the unit, 
cover 2 substantial portion of the entire resistor and are very close to 
the center hot section, and’ therefore cool the resistor by conducting the 
heat away. 

‘The following table gives the most generally adopted standard ratings 
and sizes of insulated resistors, as these resistors are definitely replacing 
the non-insulated type: 


Overall length 


Diameter of 
isto, i hes, 


resistor, inches | of resistor, 


28. Composition of Resistors. Radio resistors of the carbon and 
filament types generally employ a conducting material of high specific 
resistance mixed with a filler and binder, ‘The most widely used conduct- 
ing material is some form of carbon or graphite. ‘The fillers and binders 
employed yary with the type of resistor, Examples of these are clay, 
tubber, and bakelite. ‘The filler, binder, and conductor are mixed in 
various proportions to obtain resistors having different ranges. ‘The 
Method of making the resistor varies also with its type, ‘The solid-body 
pes ure generally either molded or extruded, ‘The filament resistor is 
thade by baking the resistance material on a glass rod which is sealed 
‘D4 coramie or bakelite container, 

. RMA, Color Code. ‘The use of resistors has increased to such an 
extent and so many are employed in a radio set that it has become desir- 
Qble to identify each resistor for range in a quick and simple manner, 

meh identification simplifies assembly of these units in radio sets and 
Rate in servicing, A color code has therefore been adopted by the 

io Manufacturers’ Association. * 

his color code takes into consideration the fact that composition 
of ure made with leads coming out at right angles to the axis 
Coleg’ {esistor and also with leads brought out of the ends axially. | ‘The 
The cede also onables the tolerance of the resistor to be identified. 

color code standard follows: 


ha colors shall be assigned to the figures as shown in the table below in 


C fable designations indieate the color shades as shown on the Stand- 
Associac, Card of America, 8th ed., 1928, issued by the Textile Color Card 
lation of the United States. 
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Figuro | Color | Color to be oqeivelent to 


Decimal multipliers 
$$ Toleranso, 


Q x : y per cent 
Soom 
} |e] | Sieeuy | 
3 19 60041 ha 
4 | Xellow ie GOLS7 
Feen 80105 q ig 
6 | Blue Gable 80102 oe bg io: 
Z| Nolet Cable 60010 Was 1s 
9 | White —— " | 4 | lo 
4 | 10 
It shall be posi stor i 3 
_ It sl standard in fixed-composition resi i i 
indate the ‘nominal retain value of the est in eerie * | ® 


Pio, 8—Standard resistor of the second figure. “A band. or dere 


located wit 


standard. 


Examples illustrating the standard are as follows: 


o in the body color. ‘Two diagra i oun 
tons ott Ghia standards both of whieh soe doecetie paramere wo interpre 


25. Test Specifications. Over the last few years, a series of tests have 
been developed which are designed to establish the performance merit of 
composition resistors. While these tests have not been established as 
standard, they have gradually been adopted by the leading manufac- 
turers as the basis OF apocivataons for composition resistors. These 


tests are as follows: 
Resistance Measurements. Unless otherwise specified it shall be standard 


following mn and di : 
The body of the waistor shall 
A 4 colored to represent the first fi 


following the first. two figures, shall 


Ohms A T E to measure the resistance under the same voltage drop as normally exists 
: j ¢ ‘8eross the resistor in the application for which it is intended. 

10 Brown Black Black, no dpbas The readings are to be made as quickly as possible at 20°C., preferably 
200 1 oO With s limit-bridge circuit arrangement so that the resistors do not have an 
a Black Brown, one cipher Cpportunity of undergoing an appreciable temperature riso duo to the current 

3,000 Ora Bick Passing through them under the conditions of the test. ; 
ange rn Red, two ciphers Normat-load Life Test. It shall be standard to make normal-load life tests 
8,400 by placing the resistors on load intermittently 114 hr. on and 34 hr. off at an 
dete amnbet temperature of 40°C., for 1,000 cycles or 2,000 hr. at the voltage 


fepresonting the rating of the resistor as specified by the resistor manu- 
faeturor, Any readings taken should be made by uniform method at the 
sad of is-hr. off period. ‘The results of this test shall be plotted, showing 
the per cent permanent change in resistance versus time in hours. | 
thor direct or alternating voltage may be used in the foregoing tests 
Sependin ‘on how the resistors are intended to be used. 
shall be standard for the resistor manufacturer to state the rated potential 
at voltage with a supplementary rating on alternating voltage when 
gid Characteristics. It shall be standard to plot, these charaeteristics, 
ing the fer cent change in resistance values versus loads in watts, making 
{iidings at 10 per cent intervals up to 100 per cent overload value or up to 
{he Maxinium Fated voltage as specified by’ the resistor manufacturer, con~ 
—~ ng the tests at an ambient temperature of 40°C., and allowing a mini 
‘the 12 15 iin. at constant load immediately preceding each reading, so th 
Fesistor comes up to equilibrium temperature conditions after each 
fhanse in load, ‘The resistors are to be exposed 1 hr. at 40°C., before starting 
vel Each reading is to be made under stehdy-state hot conditions at the 
Pv ee existing for the particular wattage setting. 
curves, haracteristics. It shall be standard to plot voltage-characteristic 
making readings with uniform yoltage increments up to a maximum 


jificant figure. 
af multiplier. 


Fig. Sa.—Fixed 

easean Riial feadee sa 
multi- 

he modifications and extensions of the Si 
given below: 
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B is then adjusted until the voltage normally existing across the 
the application for which it is used, is placed across the terminals 
hown on the voltmeter when 


fie 
nnec' 

4s usted to obtain a definite deflection on the yacuum-tube voltmeter, after 
Which it is not changed. The input switch is then thrown to the calibrated 
potentiometer setting, and the setting of the potentiometer is adjusted until 
‘the reading of the tube voltmeter on the output of the amplifier is the same 
‘as before. The setting of the calibrated potentiometer, which is calibrated 
in microvolts, shows the equivalent r-m-s voltage variation existing across the 
particular unknown resistor being tested. It can then be stated that the 
noise of the resistor is equivalent to so many microvolts r.m.s. for the particu- 
jar voltage drop existing across the same. 


Amplifier 


the same time 
Tests. all be a te , 
Ry = Calibrated Potentiometer 

ws X = Resistor under Test + 
RR = Quiet Resistor Chaving approximate! 
Rasigumsotciesmmn on Same resistance alee 
hr. jiaving the comy 

final 


Fic. 9.—Cireuit for resistor-noise measurement. 


28. Acceptable Performance. On the basis of these specified tests 
the following is considered acceptable performance: 


1. Life Test... : 5 per cent change or less 


% 10 per cent change or less 
3. 10 per cent change or less 
4 500 py or less 


27. Representative Values of Resistors Employed in Radio Sets. 

rd to test all the resistors to; Bip range af cect pos eto : 

Resul ¢ test. Tange of resistors usually employed in radio sets extends from 1 ohm 
ults of one should not be compa: Up to 20 megohm: ‘These Loree are used for various purposes, such 


temperature, and humidit ke oF i 
ity cycles are precisely 48 providing grid bias to radio, audio, and detector tubes; plate coupling; 


ing. " ; 
tage clividers; and filters. “Typical values employed for these various 
ations are enumerated below: 
1. Detect | 
: Bt tito # 9B is sgh cies 
1,000 to 100,000 ohms 
1. Plate-coupling resi to 250,000 ohms 
» Grid leaks, “ to 20 megohms 
#4 . Filter resistors, 0.022 IED "100 to 100,000 obi 
in Fig. 9, shall be usod. 28. Variable Carbon-type Resistors. In numerous radio applications 
Variable resistors are required, e.g., for controlling the sensitivity 
tip 1ceiver by varying the C bias on the rf tubes a variable resistor 
the 10,2000 ohms ‘maximum is commonly employed. For adjusting 
voltmeter. Up te 9'2 Signal level in automatic volume control sets a variable resistor 
mown adj 5 megohm is not uncommon, From the point of view of cost, 
known 
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wire-wound resistors of this order of magnitude are prohibitive. Fy 

more it is desirable to have a non-uniform rate of change resist: 
with respect to. angular rotation, which is very difficult tereene 
wire-wound resistors. Carbon or graphitic types of variable resi 
that can be made to mect these requirements at reasonable cous 
therefore me used. Such resistors generally consist of a resi 
solution applied to some flat form, such as paper, bakelite, or cei 

and baked on. A rotating slider or some other form of contact tray 
over this resistive clement producing a continuous variation of 
ance, Since the resistor is essentially 


: ¢ painted on the form, its geomet 
form may be varied by design, Also different concentrations of 


5. Combination load-resistor and audio-level control in diode rectifier 


a ontrol for acoustic compensation at low levels, 
Bea ieetts are cinatatinieas ous as prone tape to protpe'vuryina deb oas 
ion at different levels. ; 

Bea eer controls and fadars-for phoaogropH and act wmpliders. 
8. Tone control in a-f ampli- — j99 
fiers’ for varying af frequency 
eteristice. : 
coats Htigh-frequoncy variable re- i 
sistor when non-reactive feature is 9 
Gecndal, a8 in signal generator 
tors. 
at0. ‘Television controls, such as 
brightness, contrast, focusing, 


0. Tapers. ‘The circuit con- 
Bitoratione involyed in these 
applications are discussed else- 
itore inthis handbook, par- 
ticularly in the section on 
Receiving Systems, However, 
each of these applications calls 
for a resistance curve, or taper 
as it is termed, which is most 

ituble for it,’ This taper de- 
fines the law of resistance 
changes versus angular rotation 
of the variable arm. Some 
widely used curves are given in 


80 


a 
3 


2 
i 


(ay (b) 


| at tow Levels. _\ 


Per Cent of Resistance 
é s 


; il. 20 
a suitable specification defin- 
ig the taper should include: 


1, Curve showing resistance 20 
variation against active angular 
Tolation of the contactor. Where 
4 switch is incorporated in the 4 
¥ariable resistor, the angle taken 
UP for operation of the switch is 
fpnsidered inactive. Curve 
should indicate whether resist~ 


(c) (d) 
Fic, 10.—Typical uses of variable resistors, 


resistor ink or paint may be em, ployed at, differen 


t positions of the resi i ri vise OF mM 4  60* 6 100 
flement. By the use of these two expedients the resistor may be cea nal Beier ences ith clockwise Per Cent of Rotation 
to Eee any variation of resistance desired, , Resistance at extreme cou Fic. 11.—Taper_ curves of variable 
49. Uses for Variable Carbon Resistors. Within their power Ii lockwise end between vari- resistors. 
tation these ra continuously vari able arm and loft terminal; this is 


resistor is 
rheostats, 


{7ols in radio receivers. “Some of their specific uses are here listed, 
the basic cireuits illustrating these uses are shown in Fig. 10. 


Spoerally called left terminal minimum and is specified as “less than so many 
his," 


it vi ight 
3. Resi clockwise ond between contactor and_ ri 
h etna tht gensrally: called right terminal sezasawien and is wpocifio 
th . y 4 
Beoviun stan 'is ppetibed. tha. nngulan Jocation’ dnd resistence of the 
fap should be given. ‘The resistance between the tap terminal an 
triable arm, when located at the tap, is sometimes specified. 


i io armpil- 
81. Choice of -control-resistance Curve.’ In an audio amp! 
fist in which the vassimare output is 40 ab above the minimum output, 
* By the editor, 


1. Sensitivity control for radio receivers, by varying control-grid 
Loggers are potentials of r-f tubes (Fig. 10a). 
2. Antenna control for varying r-f input to antenna tube (Fi 106). 


3. Sensitivity and antenna input control, combination of (0a and 
(Fig. 100). 


4. Audio-level control (Fig. 10d). 
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Sec. 3} 
the volume control should be so made that each 140 of the rotat 
should correspond to an attenuation of 1db. If the volume control 
total attenuation of 80 db, more than is necessary on this parti 
amplifier, each }49 of the rotation will correspond to 2 db attenuat 
since only half of the total rotation can be used, In the second case 
control should be more critical than in the first case. 

In a radio receiver the design of the volume control differs wi 
depending upon whether the receiver has automatic volume control 
not. If not, the entire voltage gain of the receiver must be under 
trol, perhaps 120 db. The tendency for the volume control to 


isgmall. Such » curve is much more satisfactory than a straight logarith- 
mic line (note the 80-db curve). In addition they are simpler to build. 
‘A tapered resistance curve such that equal inerements in rotation 
produce equal increments in attenuation (a straight line when plotted 
jgainst the logarithm of the resistance) requires that a change of 300,000 
‘ohms take place in the first 10 per cent, 120,000 ohms in the second 10 per 
cent, and so on till the last 10 per cent rotation produces a change of only 
Toms. ‘This is true of a 00,000-ohm control with a total attenuation 
dl 


lb. 
> aq ‘Wear Characteristics. Variable carbon resistors necessarily have 
the same general electrical characteristics as fixed carbon resistors. In 
‘addition, owing to the motion of the slider on the resistance element, there 
is a certain amount of wear on the resistance element. ‘This produces a 
change in resistance value and noise. Factors influencing these changes 
are as follows: 


1, Hardness of resistance clement which determines ability to withstand 
abrasion. 

2. Pressure of moving contact on resistance element. 

3. Smoothness of moving contact surface. 


33. Specifications for Variable Resistors, No standard specifications 
have been established for variable resistor performance. A typical 
specification, however, representative of acceptable performance is here 
given. 


1. Endurance or Wear. Life test: Units shall not fail before 10,000 com- 
plete operations when operated without electrical load. The unit shall be 
operated over its full range including operation of switch at a rate of approxi~ 
mately 1,000 operations per hour. Failure shall be considered as a change in 
resistance of greater than 15 per cent of the initial resistance or mechanical 
fracture of the switch. e 
_ 2. Noise, Units shall be of such a nature as to produce no audible sound 
in the loud-speaker of the apparatus in which the unit is used. 

3. Humidity, The resistance of units shall not show a temporary change 
of more than 25 per cent when conditioned 100 hr. at a temperature of 40°C. 
and a relative humidity of 90 per cent. Units shall be conditioned 24 hr, in a 
desiceator before placing in the humidity chamber. as. 

4. Resistance Curve. ‘The resistance curve and permissible variations over 
the entire resistance range of effective electrical rotation shall be in accordance 
With the drawing (as supplied by the purchaser). ‘These curves shall be 
Within the caus limits and must conform in general shape to the nominal 
curve of the drawing. 


500M 


FI 
= 


z 


ass 
Lire 
alg 
<j 
Resistance in ohms 


Wow 810 to 50 40 302 
MinVolume, Per Cent Knob Rotation . 
Fic. 12.—Advantage of special taper for volume control. 


noisy or to’ be difficult to adjust without producing violent jum 
volume change increases with the total gain that must be controlled. 

The fact that a-v-e systems cannot deliver a uniform voltage to 
audio detector because of the wide variations of input voltage (ran; 
from a microvolt to several volts) makes necessary a different shape. 
attenuation curve than would be used on an audio amplifier used 
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80 per cent rotation from the maximum volume. — This is the range 
often used. ‘The departure from linearity in the first 15 per cent 
rotation is to keep the resistance gradient within limits representing 
noise. 

Between 80 and 100 per cent rotation, the curve changes rapi 
provide a total attenuation of 80 db. Rapid attenuation in this 
1s accomplished without noise because the resistance change per di 
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+ : if ee 
1uctance—Definition and Units.'_ When the current in a circui 
vabioe Ohm's law in the form in which it is stated for constant-current 
Ureuits, no longer serves to define the current. . 
ic flux associated with the circuit varies with the current an 
inde a foliage in the circuit which is given by the equation 


ie3) 


SECTION 4 


whore « is the induced voltage, ¢ the flux, and ¢ the time. As the flux is 
INDUCTANCE nm 


proportional to the current, it may be writ 


eali @) 
By Gomer L. Davis, B.S.! Stare Lis » copsten} nud ¢ the current. Then 
d di 
1. Magnetic Flux. ‘The p o= 3) = LG ® 


depends upon the magnetic effects associated with a flow of electric 


rent. In a magnetic system the may If the current is increasing, the induced ¢.m.f. opposes the current, and 


attraction or repulsion is proportional work must be done to overcome this e.1m.f. Tithe work is W, 
of the poles and inversely pro i aW Lg = —1itt @ 
between them. A unit magneti d = $ 


between two poles acts along t ed are f° Heaps tke © 
rs oP bat 2 
10 


ie being the final value of the current, the initial value being taken as zero. 
‘ity L in these equations is the coefficient of self-induction, 
shies ie ply inductance of the circuit. It may be defined in 
three ways: from Eq. (2), as the flux associated with the circuit when unit 
current is flowing in it; from Eq. (3), a8 the back e.m.f. in the circuit oa 
i irecti by unit rate of change of current; and from Eq. (5), 28 twice the work done 
move in the direction of the field at each point and will trace out’a in establishing the magnetic flux associated with unit current in the circuit. 
Which is culled a line of force. ‘The total field is considered to be made UAE These nang tee give identical and constant values of L provided 
the HARE Pummber of such lines. In any region of space the total of all there is ne raster’ of Sanatle ermeabiliy, near the circuit, and pro- 
ain the rent ge st zogion is ealled the magnetic fe in that Vided ‘the current does not change £0 rapidly that its distribution in 
and the number of lines of foree passin, the conductors differs materially from that of a constant current. If 
perpendicular to the direction of the fie these conditions do not hold, L is not constant and the values obtained 
mined by the strongth of the field. from the three definitions will in general be different. 

2. Magnetic Effects of Currest-carping The units used for inductance must conform to the units used for the 
effects are exhibited not only by magnets but Other quantities used in the defining equations. The practical unit is 
electric currents, 1 the henry, which is the inductance of a circuit when a back em4. of 1 
conductor consists of eireu Yolt is induced in the circuit by a current changing at the rate of 1 amp. « 
the flux density at any point outside the wire i: Per second. The relations between units are as follows: 


Lhenry = 10° e.m.au. 


tion, due to the’ south pole. 
the magnet upon the unit pole. Thus the magnet is surrounded bi 
field of force or magnetic field whose direction and magnitude at any 


are defined as the direction and ma; itude of the force actin; 
north pole at that point. eo Rens 


If a unit north pole is allowed to move freely in a magnetic field, it 


is = 1.1124 X 10“ e.s.u, 
to the axis of t! inder and is proportional to the product of the The “ jivided into two smaller units, the millihenry and the 
rent and the num! ‘This product of current GME mierwheare” “rie Wilh is one-thousandth of a henry and. the 
amperes) and number of turns is ealled the amperehuricr hennt Rierohenry is one-millionth of a henry. ‘The millihenry and microhenty 
poeen Sxprossed as the product @Ml re abbreviated mh and h respectively. ‘Thus 


eee 
ling is of infinite length, 1 henry = 1,000 mh = 1,000,000 zh 


| + *Sranuisa, 8. G., “Electricity and Magnetism,” Chap, XI, 1926, 


) Engineer,’ Washington Institute of ‘Technology, Washington, D. C. 
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The term “inductance” refers to a property. of an electrical cireuit 
piece of apparatus but not to any material object. A piece of apparal 
used. ms introduce inductance into 2 circuit is properly called an indu 
or coil. 

4, Current in Circuits Containing Inductance. If a circuit containi 
a source of constant e.in.f, and pure resistance only is closed, the cur! 
rises instantly to its full value as determined by Ohm's law. If the cit 


contains inductance, a back e.m.f, of the value £4 acts during the ti 
the current is changing, so that, if the e.m4f. of the source is Z, the ac 
emf. available to force current through the resistance is B — 


If, after the steady current J, has been established in the cireuit, the 
source of the e.m-f. is short-circuited, the current docs not fall to zero 
instantly but decreases according to the equation 


Rt 
tude (0) 


‘his equation is plotted in Fig. 2 for the same values of the circuit 
Seats as were used in Fig. 1. In this case the time constant L/R 


| 


The equation for the current in the cirenit is 


éZ gt 

y — ee & 

a> ae a 

: a i 
Lat Ri=z g 


The solution of this equation is 


Re 
» L 
fa ) 


‘The time ¢ is reckoned from the instant at which the switch is closed, and 
is the base of natural logarithms. 
Ata time ¢ = L/K after the circuit is closed, the current has a value 


to To(1 —7), or about 63 por cont of its final value. ‘The quantity Z, 


[Se| aa 
2 6 6 6 ft ww 
Time, thousenaths ef 9 second 
Fic. 2.—Fall of current in inductive circuit. 

fepresents the time required for the current to fall to 1/e or about 37 per 
cent of its initial value. pas ote te 

If, instead of the source of e.m.f. being short-circuited, the circuit is 
opened, the resistance becomes extremely large and the current falls to 
oro almost instantly. Asa result of this rapid change of current, a large 
€.n.i. is induced in the circuit, eausing a spark or are at the point at 
Which the circuit is opened. 


is called the’ Lime constant of the circuit. ‘The time constant, or the 
required for the current to rise to a value of 1 — + times its final value, 


not depend upon the actual values of inductance and resistance but ot 
upon their ratio. 


The current in such a cireuit is shown in Fig. 1 for several values 
L/R. Theoretically the current does not reach its maximum value 


Current, Back emf 


| R 

Fic, 3.—Series cir- Fra, 4.—Phase relations in indue- 
euit containing resist- tive cireuit. 
ance and inductance. 


When the current in sn induetive cirouit is changing, a back em. 
fiher than that due to resistance acts in the circuit. This back e.m-f. 

Proportional to the current and to the quantity wh, which is called 
the inductive reactance and usually written Xz. Also, the phase of the 
Back em.f. is 90 dex. behind that of the current. ‘fo force a current 
fitough a’ pure inductance, therefore, requires an impressed eam. 
i, fice. out of phase with the back em... or one leading the current 
90 deg. (Fig. 4). 


6 
Time ,thousandths of a second 
Fie. 1.—Rise of current in inductive circuit. 
except at an infinite time after the circuit is closed, but practically 


difference between the actual current and the value / becomes negli 
after a relatively short time. 


a“ THB RADIO ENGINEERING HANDBOOK {Sec 


Now, if a sinusoidal e.m.f. is impressed on a circuit containing resista 
and inductance in series (Fig. 8), the current in the circuit will also 
sinusoidal, provided the resistance and inductance are independent 
the current. The portion of the impressed e.m.f. required to fo 
current through the resistance will be in phase with the current, while 


ing whieh quantity is meant, 


not 
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aro generally referred tu simply as impedance, the context usually indieat- 


The impedance Z increases as the frequency is increased, Con- 
soquently, for constant values of #, R, and L, the current J will decrease 


portion required to force current through the inductance will lead 
current by 90 deg. The resultant phase of the impressed e.m.f. 
respect to the current will have some value between zero and 90 d¢ 


EH 


depending upon the values of resistance and inductance in the circuit. 2 an 
‘o determine mathemuticully the behavior of the circuit deseri - 
above, it is necessary to set up and solve the differential equation LBs 
the citeuit, ‘This equation will have the same form as Bq. (7) with 2 
replaced by Hy sin wl; that is, Ea 
ees "4 
LG, + Ri = By sin ot pe 
‘The solution is s | 
4 E. 7 oof a a a ar 
t= Vraan™ (ot — 6) +0€7T yacbiny exter ee sactod 


where tun @ = wL/R, and c is a constant to be determined. ‘The 
term is the only one’of importance after the current has been flowi 
for a short time, ‘Thus the current has a peak or maximum amplit 


of By/\/R* + wL* and lags the impressed e.m.f. by the phase angl 


frequency 


Consider Eq. (11). After the 


Fie. 6.—Impedance of inductive circuit with frequency. 


as the frequency increases. Figure 6 shows values of Z plotted against 
xy, and Fig. 7 shows how the current in the circuit of Fig. 3 
varies with the frequency of the impressed voltage. 


whose tangontis a/R. ‘The quantity v/Te-FatT? i called the imp 
of the circuit and is denoted by Z. In terms of the effective values 
current and em4. J and #, the equation for the current may be writ 

re for Fog = BH ( 


switch has been closed for some 040 
time, the values of current and 
Voltage bear a definite relation 
to each other at each instant 
during a eycle, and this series of 


8 


8 


Z 
. ; . relatii is i 
In complex notation this form is ons 18) reposted. during, 


Current, amperes 
2 
2 


, every: cycle, ‘The circuit is now 
« _ Bar sin ot said to be in the steady-state 
R +joL meen aud oe iene kh O02 
Pregl ‘ ; : © Tight-hand side of Wq. (11 
or, in terms of the instantancous e.m.t,, Yompltelydenes the curent —& 
Ae et ( torms of the voltage and im- 
R+ job” 2 Pedance. However, for a short 


The quantity zis called the complex or vector impedance. Tt is. a veel 
with a magnitude /R? + a1 orZ, 
an angle @ whose tangent is wl /R. 
tor diagram showing these relatic 
is given in Fig. 5. Thus the rela 
between current and e.m.f. in an a-e 
cuit containing resistance and ind 
ance in series may he expressed in 
same form as Ohm’s law for d-c cire 

provided instantaneous values of cu 

and voltage and vector impedance 
used [Eq. (14)]. A similar relation 

be written using effective values of 
rent and voltage and the magnitud 
the vector impedance. Both the vector impedance z and its magnitudé 


{Sclosed, the second or transient 
CO 


shown in Fi 


Ite of th 

tery ie current, whit 
lose, 

at id 


lly to be defined by the equation 
Fie. 5. 


.-Veetor relations of 
inductive cireuit. s 


10 


a a a 
Frequency eyes per second 


interval of time after the switch E+ 7-—Current ve, frequency ininductive 


circuit. 


Tm enerally has an appreciable value and must. be considered. By 
fomPerison with Eq. (9) it is seen that this transient, current has the 
a fe 2 It is evident that the duration of the 
Tnsient, current wil depend upon the time constant L/R. The initial 

i ‘h is equal to the constant ¢, must, however, be 
mined. Now the current must be zero at the instant the switch is 
th, (Since it cannot rise to some finite value instantaneously because 
the 2 inductance in the circuit) and, therefore, if ¢ is taken as zero at 
Maymstent of closing the switch, the value of ‘¢ may be found mathe- 


Gol OM ain get Tu ln a (15) 
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The physical signifieance of this equation is most readily seen 
reference to Fig. 8.!_In a of this figure, the curve ¢ represents the volt: 
impressed upon the circuit and the curve marked “Steady-state current 
indicates the value the current would have if the switch had been c! 
at a time much earlier than the time represented in the figure. Acco 


Lye 


Steady-state 
Current 


‘Actual Current 


Emf 
Current 


Fra, 8—Effect on transiont eurront of closing cirouit at different timog 
the cycle. 
ingly, at the instant of closing the switch, the current should hi 
the value given by the intersection of the steady-state current cw 
with the vertical axis in the fgure. But the actual current must 
zero at this instant; therefore, the transient current must have. 
value c, just neutralizing the fictitious steady-state current. 
transient current then dec 
according to the curve lal 
“transient current,” and the act 
current is the sum of the steady-s 
current and the transient current. 
the switch should be closed at 
instant at which the steady-state 
rent would be zero, as in Fig. 8b, 
constant-c would be equal to zero: 
there would be no transient t 
Consequently the quantity ¢ in. 
(15) represents the phase angle of 
Fic. 9.—Power in inductive circuit. instant of closing the switch 
reference to the nearest time at wl 

the steady-state current crosses the zero axis in passing from negati' 
positive values. In Fig. 8a, the switch was assumed to be closed sh 
after the steady-state current passed through such a zero value; ther 
in this ease, the so-called “phase angle” isa lag angle, and sin ¢is nega 
making ¢ negative as shown. 

5. Power in Inductive Circuit. The instantaneous power used in 
circuit of Fig. 3 is the product of the instantaneous values of current. 
voltage. Figure 9? shows this power at times to be negative b 


} Monzcnorr, J. H., “Principles of Radio Communication,” 2d ed., 1027. 


Power taken 
from Generator 
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current and voltage have opposite signs. Such negative power 
Sr coonts @ restoration to the source of some of the energy stored in the 
magnetic field. In a circuit containing inductance only, the current 
‘and voltage are 90 deg. out of phase and the negative loops of the instan- 
taneous-power curve are exactly equal to the positive loops, so that the 
‘average power taken by the inductance is zero. 


In general, the instantaneous power is given by! 


p = Ew sin wt X Iw sin (wt — >) 
Exlu(sin* wt cos @ — sin wt cos wt sin ¢) 
7m Exly (cos ¢ — cos Qt cos ¢ — sin Qt sin $) (16) 


Tho average value of the second and third terms in the last parenthesis is 
zero, vo that the average power taken by the circuit is that expressed by the 
first term, or 


Bali ong = BI coed a7) 


P==5 


where, as before, Zw and Jy are maximum values, and £ and J are effective 
values of the voltage and current. Since 


E=1Z 
and 
cos ¢ = 


R 


P=IZXIXG- (as) 


fn last equation is often used to define the effective resistance of an a-c 
irouit. 


As a consequence of Eq. (17), the power in an a-e circuit containing 
inductance and resistance cannot be determined by measuring the current 
and voltage unless the value of the phase angle @ can also be measured. 
this is usually difficult, the power must generally be measured with 
& wattmeter. 
he quantity cos ¢ is called the power factor of the circuit. In a circuit 
fontaining only resistance, the power factor is unity; in a circuit con- 
ining only inductance, the power factor would be zero. As applied to 
“coil used as an inductor, the power factor at a given frequency gives the 
Fatio of the resistance of the coil to its impedance and may be used as a 
Pure of merit for the coil. As the ideat inductor would have zero power 
fetor, « good coil should have a very small power factor. 
. Measurements of Inductance at Low Frequencies. ‘The measure- 
t of the inductance of air-core coils at low frequencies is relatively 
mies 2s the inductance is sensibly constant with change in frequency 
deg Strrent. | Tron-core inductors, for reasons which will be examined in 
tail later, do not have a fixed’ inductance under all conditions, and 
ae “urements on them myst be made under conditions which duplicate 
hearly as possible the conditions under which the inductor is used. 


“bia, 
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e i . The voltage across R and X is measured with a 
to the aube voltmeter, for example, ‘Then £,/R = 1 and B,/f = X 
eB.) XR, whence 


X = R/E, (20) 


=F? _ 0159/2? — R? the general ease in which M represents the total losses of the coil, 
boa = "G tha power factor of the inductance is cos @ and 

‘The method is usable for iron-core coils that carry a.c. only, prov E. ; (21) 
the measuring current is adjusted to the value that the coil earries in cos 0 = 


he total losses in the core and winding may be thus obtained. 
arene the impedance, renctance, and induetaneo of a coll have been 
determined, the permeability and finally the Tee force and flux 
ensity of an iron-core coil may be obtained. ‘Thus the ac flux density 


R M 


Fic. 10.—Cirenit for Fre. 11—Measurement of iron core ¢ 
measurement of induc- carrying a.c. and d.c. 
tance. 


If measurements are made at a number of current values, the ew 
inductance against current may be plotted. The results obtained 
this method are generally slightly larger than the true values of indt 
tance because the a-c resistance, particularly in iron-core coils, is gre 
than the d-e resistance, Pad tee 
7. Measurement of Inductance of Iron-core Coils. When an i a 


Fie. 12.—Cireuit for determining inductance of iron-core coil. 


Ba. X107 
KIRN XA XK US 
small value of a.c., its inductance is depende i Where Ey, = r.m.s. voltage across the coil 


: = frequency in eyeles per second 
‘The impedance of an iton-core coil carrying d.c. : fa eerste be ining. 
rh ‘A = cross section of the core in square centimeters 


(21a) 


K = corestacking factor (ece Bee, Art. 20). 
The polarizing m.m-f, resulting from the d.e.in the winding, in gilberts 
meter is given by 


1.256NI 


across it is equal to that across the coil, as measured by the thermio Hy. = 1256NE (210) 


yoltmeter, en the impedance of the coil at the measuring freq 
is equal to Ry. Readjustments of the impressed direct and alternal 
voltages may besnecessary as Re is changed. The condenser C pi 
the direct voltages across the coil and resistor from affecting the ther 
onic voltmeter. From the impedance and the resistance of the 6 
the inductance may be calculated by Eq. (19). 

In Fig. 12 is a simple method of arriving at the impedance of an 
core coil based on the supposition that the inductance is high comp 


Whero N = number of turns in the winding 
J = d.c, in amperes LP aa) 
1 = length of magnetic circuit in centimeters. 
‘Po get m.m.f. in ampere-turns per inch, multiply Ho by 2.032. 
The following table (Allegherty Steel Company) gives values of Bux. 
Ho found in practice, 
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some instances it is desirable to determine the inductance at the cperatiog: 
frequency. Bridge methods are not suitable for measurements at hig! 
frequencies. Two other methods are commonly used: comparison of 
the coil with a standard, and measurement of the capacity ired to 
tune the coil to resonance with a known frequency, from which the 
inductance may be calculated. Both methods give the apparent 
inductance. 

ies the comparison method, a standard induetor, having ania parent 
inductance L, at the measuring frequency, is connected in parallel with a 
calibrated variable condenser, coupled to an oscillator and the coil- 
condenser circuit tuned to resonance, the capacity C, of the condenser 
being noted at the resonance setting. The coil to be measured, whose 
inductance is denoted by Ls, is then substituted for L,, the circuit retuned, 
and the condenser capacity C, again observed. Since the frequency is 
the sume in both cases, 


Coit Bax, gausses | Ho, gilber 


Detector-stage audio transformer. 
Second-stage a-f transformer. 

null output transformer with two primaries 
ized output transformer. 
r-duty filter reactor (f 


8. Turner Constant-impedance Method. For measurements invo 
ing a.c, only, the constant-impedance method (of Turner), shown 
Fig. 13, is used. The method is based upon the fact that, wh 
1 — LC = 0, the impedance of the parallel circuit is equal to w(! and 
intepentens of the resistance in the inductive branch. Consequent 
the line current will have the same magnitude with the switch open 
closed. To measure any value of inductance, then, it is only neces 
to adjust the capacity so that the reading of the ammeter A is the s 
for both positions of the switch. Then 


L = 1/(2w*G) 


ST ft 


Fro, 13.—Turner Frc. 14,—Measuring circuit for coils én 
co - tant-impedance ace. and d.c. 
method. 


LC, = LC, (23) 
If the low-frequency inductance Lo and internal capacity Cy of the 
standard coil are known, 

LC, = Lo(C, + Co) (24) 

In the second method, it, is necessary to determine accurately the 

frequency of the source. The coil to be measured is connected to a 

librated variable condenser, coupled loosely to the generator and 

funed to resonance. If f is the frequency of the source, Lz the apparent 

inductance of the coil, and C, the condenser capacity at resonance, 

1 0.02533 

= say. ~ PC. (3) 

In this equation, Le is expressed in henrys and C, in farads. For Ls 
in ch and C, in puf, the equation becomes 

25.33 X 1036 

2 SRE es 

If the capacity necessary to tune the coil to resonance at a number of 


Alifferent frequencies is determined, a graph of the squares of the wave 
lengths corresponding to. the Co 
Bet 


Lz 


(26) 


When the coil must earry d.c. as well as a.c., the circuit of Fig. 14 m 
be used for the inductance measurement. ‘Two similar induc 
used, the dc. through them being adjusted to the proper val 
of the resistor /, and measured ag means of the d-c amm M. 
switch S’ is then thrown to the right and the resistor ls adjusted to 
the constant-potential difference between the points A and B 
Then, with 8’ thrown to the left, the inductance measurement may 
carried out in the manner already described. The result is the indue 
of the two coils in parallel, which is one-half the inductance of one ¢ 
9. Measurements of Inductance at High Frequencies. Very often 
low-frequency inductance of a coil, determined by one of the metho 
already given, may also be used as the high-frequency inductance. 


“everal measuring frequencies 
Against the measured values of 
meaty, will be a straight line 
Whose slope is the pure induc- 
tee and whose intercept with 
inte S2tive-capacity axis is the 
ems capacity of the coil. 
llustrated in Fig. 15. 


cruttply by 104) 


orienta Sauared 


10. wo 70 HO 
Coils. Inductance of Iron-core Tusnwng Copauty meramerofarads 


& 
3 


ils are Fie. 15.—Method of determining in- 
ly low dateaon and distributed capacity of a 


ils. Tron-core 
Painly useful, at relati 


Sie 8, and their use is gen- 
'Y confined to cireuits carry- 
\Tunven, HM “ie 


cont RE H- ‘onstant Impedance Method for Measuring Inductance of Cl 


Ce furrents within the af range. (But see Art. 16.) 
16, 1559, 1928. 


© inductance of a circuit is not constant if any material of variable 
Meability is within the magnetic field of the circuit. Consequently, 
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when a coil is wound on an iron core, its inductance is dependent up 
the circumstances under which it is used. Accordingly, to use iron-« 
coils most advantageously, it is necessary to study their character: 
under varying conditions. Three important cases must be distinguish 
the current through the coil is a.c, of single frequency; the current. cons 
of a d-e component upon which is superimposed a single-frequency 
component; the current is comprised of two a-c 
components of different frequencies. 

The average inductance of an iron-core coil 


If an air gap is introduced in the fnagnetie cireuit of an iron-core coil, 
the inductance of the coil is generally diminished. If, however, the coil 
js carrying both d.c. and a.c,, the air gap may so deerease the constant 
flux that the incremental permeability is actually increased, so that the 
fective inductance for the a-c component is increased. ‘The effective 
resistance of the inductor is also decreased by the introduction of an air 

up. These effects are illustrated in Fig. 18. As a consequence of 
these characteristics, iron-core inductors that are intended for use in 
circuits where they must carry dc. as well as a.c. are usually made with 


carrying a.c, of single frequency is dependent, an ait gap in the magnetic circuit of the core. 

upon the magnitude of the current. Kiso, the = ss ,, When theinductorcarriestwoalternat- 
a-e resistance of such a coil is higher than that Constan? Magnelomohve Force ing currents of different frequencies, the 
of an air core coil with an identical winding. ompere-tires perm) cfleets of the variable permeability of the 
‘Therefore all inductance measurements of iron- 4 Coree A*045 iron are somewhat more complicated and 
core coils should be made with the measuring 2 Bs of relatively less practical importance 
current equal to the current which will flow * De90 than in the cases already treated.? 


11. Inductors at Radio Frequencies. 
When inductors are used at radio fre- 
quencies, many factors affecting their 
performance come into prominence. 
‘The h-f resistance of a coil is much 
larger than its d-c resistance because of 
a number of losses which come into 
existence with the operation of the coil 
in h-f circuits. The factors causing this 
inerease are skin effect, eddy currents, 
diclectrie losses, and internal capacity. 

When the wire is wound into a coil, 
the effect of the magnetic field of the 
coil is such as to concentrate the 
current on the inner surfaces of the 
~———— turns. Figure 19 illustrates this effect, 

the depth of shading indicating the evr 
rent bei Eis _pondentretion of 
4 i current causes a further inerease i 
lective resistance of the coil, and also causes a decrease in eee 
Siva the frequency increases. However, the variation of inductance 
yi equeney is generally small in comparison with the variation caused 
Internal capacity. 
dy currents in the conductors composing the coil constitute a 
2s source of loss at frequencies over 3,000 ; 
a ‘These losses are minimized by the us 

8 small as peas without unduly in- 
Cor epi’ conductor resistance, or by the 

tubing instead of wire, Because of these 
‘At frequencies higher than 3,000 ke there 
stapbtitnum wire size giving a minimum — yg, 19,—Concentration 
Any nce in inductance coils. , of current at surface at 
moda ticlectric in the field of the coil also high frequencies. 

'uces losses which become important at 


‘Orr, J. H., “Principles of Radio Communication,” 2d ed., 1927. 
H. M., Inductance as Affected by Initial Magnetic State, Air Gap, and 
Currents, Proc. 1.R.E., 17, 1822, 1929. 


through the coil in operation, or the inductance 
may be measured for a number of different 
currents and a curve of inductance against 
current plotted. Fig. 16.—Charaete 
In many radio applications a coil carries a of coil carrying large v 
relatively large d.c. with agmall a-ccomponent of d.c. and small val 
superimposed. The inductance of an iron- a.c. 
core coil under such conditions is a function of s . 
the magnitudes of the d-c and a-c components of the current. This 
illustrated by Fig. 16. The constant magnetizing foree (due to the di 
may be such as to cause the core to be magnetized to the point A. 
alternating component of the 
netizing force (due to the a.c.) 
then earry the iron through the su 
hysteresis loop CB whose slope is 
tho same aa the slope of the madm 
zation curve. The permeability 
resented by the slope of this 
hysteresis loop is called the inere 
tal permeability. As the con 
component of the magnetizing { 
or current is increased, the poinl 
moves farther up the magnetizal 
curve and the incremental perm 
bility decreases, as indicated by 
small loops at D and Z. As satll 
irc = tion of the core is approached, 
MognetitngForce-Anpere Tams pen (eadyCurrent) incremental permeability, and 
Fra, 17.—Effect. of dic. on indue- the inductance, becomes very amy 
Aanoa Choate As the magnitude of the a-c cOmgi 
ponent is increased, the slope of 
hysteresis loop, and accordingly the incremental permeability, incre 
thus increasing the inductance. Consequently the inductance of anil 
core coil under these conditions decreases with increase of the d-c ¢ 
ponent of the current, and inereases with increase of the a-c com) 
Figure 17 shows the decrease in inductance with increase in co! 
magnetizing force. 


Inductance 


Resistance and Inductance 


Resistance 


Mo. 18.—rAoct of air gap on 
il characteristics, 


e ° 
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few other advantages. ‘This type is sometimes used as a fundamental 
standard. 


The 


these frequencies, so that the type and amount of diclectric within the 
of the coil must be carefully regulated. The dielectric should be of 
best quality and its volume must be kept at a minimum. _ The eondu 
! of the coil should, in general, come in contact with the dielectric as 
as possible. Coils are often wound upon skeleton or ribbed winding fc 
so that each turn touches the supporting insulating material at only a 
points and is surrounded for the greater part of its length solely by 
431 Bttect ob Coll Capacity, Wivery maductor behaves not aaa 
inductance and resistance in series but as an inductance and resist 
shunted by a small capacity, This behavior is caused by the self 
internal capacity of the coil. The resistance and inductance of 
equivalent parallel cireuit at any frequency are called the ap; 
resistance and apparent inductance of the coil at that frequency. 
apparent resistance is given approximately! by the equation 


ingle-layer solenoid consists of one layer of wire on a cylindrical form, 
the turns either adjacent to one another or spaced. Sometimes the coil is 
made self-supporting by means of « binder, such as collodion, and the form 
fmoved after winding. 

‘Multilayer coils must be used when a single-layer coil of the required induc 
tance would be inconveniently large. The multilayer coil may take one of 
three forms: layer wound, bank wound, and honeyoomb or duolateral. 

‘The layer-wound coil is usoful only’ at low frequencies because of its high 
intornal capacity caused by the proximity of turns of greatly differing poton- 

tials. The wire is wound on the coil in layers, 
cach layer being completed before another is 
begun. Iron-core coils are usually wound in this 
manner. | If a very large number of turns must 
be used, it is better for the whole coil to be made 


R = “inding, UP_of a number of “'pies,” each pie being a short 
Ra = Gar Fie. 20.—Bank winding. layer-wound coil. The pies are assembled side by 
= @LCe side to form the complete coil. Insulation is 


greatly facilitated by this type of construction, and the internal capacity is 
somewhat reduced. 
Bank winding is one result of the attempt to devise a multilayer coil with 
twlatively low internal caps ‘The turns are wound in the order shown 
by the cross-sectional view in lig. 20. 
Howeycomh and duolateral windings are further results of the same effort. 
wire zigzags back and forth from one side of the winding space to the 
ather, djacent turns of the same layer being spaced from each other by 
ftveral times the wire diameter. The effect of this type of winding is to 
aus turns of adjacent Jayors to cross each other at an angle and to separate 
el turns by at least the diameter of the wire. A coil is type 1s self- 
Upporting and quite compact. pene cer 
ninneket-weave and spider-web windings were developed also to minimize the 
4 at caveeye In the basket-weave coil the wire is wound in and out of 
De or eyes, Set in a circle. Adjacent turns cross at an angle. ‘Tho 
figs, tre usually removed after the winding is eomploted and the coil is sell- 
ererting, This is essentially a single-layer coil. ‘The spider web, on 
other hand, is primarily a multilayer coil of one turn per layer. ‘The 
Adeeulg und back and forth between a series of pegs fastoned radially in 
ular form. ‘This coil may also be self-supporting. . 
« toroidal coil is wound around a doughnut-shaped form. Its field is 


per cre internal, so that it may be placed close to other coils and 


—, fat spiral type of coil is self-explanatory—the wire being 


in the form of a spiral, each turn haying a greater radi 
than the preceding one. Ries weet rae 


and the apparent inductance by 


bans Co 
where R and L are the resistance and inductance the coil would 
at the frequency w/2z if the internal capacity Cy were absent. 
equations do not hold for frequencies near the natural frequency of. 
coil; that is, the frequency for which 1 — LC, = 0. These equat 
are derived on the assumption that the e.m.f. in the circuit is introdi 
in some manner other than by induction in the coil itself. If the e. 
is induced in the coil, the internal capacity is merely added to any 

capacity which may be connected in parallel with the coil. Sit 
coil is practically always used at frequencies for which 1 — «*% 
positive, the apparent resistance and inductance of the coil will ine! 
as the frequency inereases, the apparent resistance becoming very 
as 1 —w'/Co approaches zero. ‘The percentage change in resist 
for a given change in frequency is about twice as great as the el 
in inductance. At frequencies for which 1 — w*LCy is negative, th 
behaves as a capacity rather than an inductance. 

It has been found? that the internal capacity of a single-layer 
roughly proportional to the radius and practically ened. 
number of turns and the length. For a closely wound solenoid, 
internal capacity in yef is very approximately equal to six-tentl 
the radius in centimeters. 

13. Types of Inductors. A straight wire has a certain amot 
inductance, but to make inductors small enough to be convenient 
necessary to wind the wire in the form of a coil thus utilizing a 
length of wire in a small space and also increasing the interlin! 
flux and wire. 

‘The simplest inductor consists of a single square turn of wire. _ 
inductance of this arrangement may be calculated accurately, but 


a Variable Inductors. Any of the previous types of coils 
A tap ey Abpea and the number of tums in circuit varied with 
arin gwiteh or clip. ‘This method gives only a step-by-step 
Union, and considerable loss may be introduced by the 
{sed portions of the coil. S 
ing ;(0utinuously variable inductor may be made by connect- ™ 
inde; soieS OF parallel two coils having a variable mutual y 216-21. 
lente 4 Lhe coils may be single-layer or multilayer P Grable 
the ind their mutual inductance may be varied by chang- 2 
ther © distance between the coils or by rotating one with respect to the 
The most common form of variable inductor, however, is the 
sement commonly ealled a variometer, a cross section of which is 


—— 


+ Radio Instruments and Measurements, Bur. Standards Cire. 74. a 
2 Hows, G. W, O., Jour, I-B.B. (London), 60, 63, 1922; also Mouraas, E. B. 
Frequency Measurements,” p. 340, 1981. 


86 THE RADIO ENGINEERING HANDBOOK ts a INDUCTANCE 87 


shown in Fig. 21. The inner coil is rotatable about the axis A, wh 
perpendicular to the plane of the figure. The two coils may be conn& 
in either series or parallel, thus increasing the range of the instrum 
considerably. ‘The mutual inductance between the coils may be in 

by winding the outer coil upon the interior of a spherical surface, 
of using the cylindrical form shown. 

If a slight increase of resistance of a coil is not objectionable, and 
desired range of inductance variation is small, a copper disk sli 
smaller than the inside of the coil form may be mounted on. a 
perpendicular to the axis of the coil. ‘The inductance of the coil wil 
appreciably decreased when the plane of the disk is perpendie 
to the coil axis, the decrease of inductance becoming less as the di 
rotated away from this position. : 

16. Design of Inductance Coils. It is desirable that the induct 
should be as largo as possible, while the resistance is kept at a minim 
‘There are some cases in which a relatively high resistance is permi 
or even desirable. Choke coils for use at high frequencies must hay 
high impedance with a minimum internal capacity. 

To determine a basis for comparison between coils of different 


js not critical. The inductance decreases somewhat rapidly as this ratio 
becomes much smaller than 2.46, while the decrease is only slight for 
Jarger values of the ratio. Since the internal capacity of the coil is 
proportional to the diameter, it is advantageous to use 
of diameter to length somewhat smaller than 2.46, provided 
coil is to be used under such conditions that the decrease in 
intern apt y effected in this way more than compensates for the 
slightly lower inductance-resistance ratio. 
A multilayer coil has a maximum inductance when the cross section 
ng isasquare. It has also been shown! that, with a square 
the inductance of this type of coil is maximum when 
neter is 3.02 times the depth of the winding. 
Below 300 ke the volume of the coil must be included in the factor 
of merit. In these circumstances, the honeycomb and bank-wound coils 
outstrip all others, the honeycomb type being somewhat superior to the 
bunk wound. Table I gives the characteristics of honeyeomb coils. 


Taste I—Honeycoms-com, Data 


acteristics, a factor of merit for an inductor must be defined. . Wave lengths with the 
for use at frequencies above 300 or 400 ke are usually small in tala Distrib Natural setoeing rns aaeaad 
that volume is relatively unimportant and the desirable characte tance, | capacity, | length, 
are high inductance (and, therefore, high reactance) and low resistal me wal A cee ES las Nphre 
The ratio of inductance (or reactance) to resistance may then be ts 0.001 [000.000.0001 
as a factor of merit, the ideal coil having a large ratio. e 
power factor of the coil, which is equal to the ratio of resistan nama he dale 
impedance, is taken as a factor of merit, an ideal coil having zero po 0.078 | 30:8 
factor. | The ratio of reactance to resistance (Le/R) is sometimes € 9-150 | 38-4 
the Q of the coil. (See Table I, See. 6.) ° 30.1 
A coil to be used at frequencies below 300 ke is likely to be some 1 21°38 
large if wound in a manner that would be entirely appropriate at hig 2. Be 
pe meies. Consequently the factor of merit, for coils designed fo 6. 1910 
at the lower radio frequencies should include the volume of the indt 10 174 
and may be defined as the induetance-resistance ratio divided by 8 ed 
volume of the coil. 4 19-2 
For a given length of wire, maximum inductance is obtained when 85 16.8 
wire is wound as compactly as possible; that is, in a bank-wound i Hi . 
with a winding cross section as nearly square as possible. The b 


wound type is mentioned because the simple multilayer coil is prac 
useless at radio frequencies because of its high internal capacity, 
closely wound single-layer coil made up of the same length of wire 

considerably lower inductance than the bank-wound coil. Howey 
radio frequencies, the resistance of the single-layer coil is so much 16 
than that of the multilayer coil that the L/R ratio of the former is 


aw Coils for Various Frequency Ranges. A study of the characteris- 
Tine (2, Y2rious types of inductors in the frequency range of 300 to 1,500 ke 
f heen made by Hund and De Groot.? ‘Their results show that’in this 
Ssqueney band the 


larger than that of the latter. Tn view of its simplicity of construe! 


; Gab solid wire, with the radi 
the single-layer solenoid wound with solid wire would appear to be 


most desirable coil type at medium and high radio frequencies, ts than solid-wire coils. Contrary to a somewhat generally accepted 
though within eertain ranges of frequency some other types have cerlag igi, a fev broken strands in the Lita wire made only a slight difference 
advantages. At high frequencies (above 3,000 ke), the single  t-f resistance of a coil. 


solenoid, either closely wound or spaced, is used almost exclusi ely. 
For a given wire length, this type of coil has a maximum indw 
when the ratio of diameter to length of coil js 2.46," although this ¥ 
4 Radio Instruments and Measurements, Bur. Standards Cire. 74. 


: 
2 adic Tostrumente fd Meawuroments, Bur. Standards Cire, 74. 

Coi'?: Avousr, and H. B. De Guoor, Radio Frequency Resistance and Inductance 
Noe,” Used in Broadcast Reception, Bur. ‘Standards Tech, Paper 298, Vol. 19, p. 651, 
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1; was determined that maximum value of Q for such coils, of the order 
oi 1 uh inductance, could be realized when wire diameter and spacing 
hetween, turns were of the same order of magnitude. Very large wire 

long coils) Was not superior to medium-size wire, say No. 20 or No, 22. 

Jing wire of No. 14 size, 1-in.-diameter coils were superior to }4-in- 
iiamoter coils for any winding length. 

Tt was determined that shielding the coil does not reduce the Q to a 
yorious extent, provided proper spacing is observed. In reasonable 

raetive Q need not be decreased by more than 10 per cent. or L by more 
han 15 per cent, Bakelite winding forms have some effect upon Q. 
‘Thus « 1-uh coil of No. 10 yire (0,104 in.) was wound on a 2-in, length of 
},5-in.-diameter bakelite having a 0.125-in, wall, ‘This coil had 0.333-in. 
winding pitch, At 15 me, Q = 212. Upon removing the winding form 
it romained self-supporting, and Q increased to 229. 

Coils made of No. 14 wire on a 1-in.-diameter form with 0.111 in. 
between turns (0.88 wh, 5%4 turns) were found to be good compromise 
qils. ‘These would have a Q of 184. Coils made on 0.5-in. forms wound 
with small wire, say No. 24, have values of Q in the region from 75 to 100. 

Tron-core R-f Inductances. From 1931 to 1935 considerable headway 
was made in the use of ferro inductors at broadcast and intermediate 

cies. ‘The advantages offered by iron coils over air coils are the 
and high Q. They have been especially useful where it is 
-y to get high gain, or high selectivity, in small space, or with a 
fainimum number of tuned cireuits. Some attempt has been made to 
lise coils with variable iron cores so that in tuning a circuit the inductance 
would be varied instead of the eapacity. 

One such material (Polyiron) has an iron content of 95 per cent. The 
Temainder of the pressed core is bakelite and insulating varnish. Per- 
meubility measured with toroidal cores is of the order of 12; its specific 
Btavity is 4.8 against 7.0 for solid iron; its conductivity is 100 mhos per 
eubic centimeter against 10-* for solid iron. Permeability remains con- 
stant from 50 to 2,000,000 cycles. Variation of magnetic foree from 

01 to 10 gauss makes no appreciable change. 

Another iron which has come into use in this country is Ferrocart, 
already widely used in Europe. Intermediate-frequency transformers 
for 456, 370, 360 and 175 ke have been designed from Ferroeart and 

olyiron as have transformers coupling an i-f stage to a diode detector. 

‘or automobile and other receivers where high initial gain is required, to 

lice the noise to signal ratio, iron coils seem to offer considerable 
vantages, 

In a typical receiver of the characteristics given below, the table 
Shows the advantages to be gained by using iron instead of air-core coils, 
4 This receiver was a six-tube a-c export tube, employing 370-ke i-f 
finwformers. It usod a type 57 first detector, type 27 oscillator, a type 

i amplifier, a type 246 diode-triode, a type 2A5 output tube and a 

PO 80 rectifier, - ‘Lhe high impedance of the plate-eathode eireuit of the 


1 dletoctor is partially responsible for the excellent selectivity of the 
ver, 


In solid-wire coils, little is gained by using « wire size larger than 
24-AWG, although No. 16 gives a slightly lower resistance between. 
and 1,200 ke, Spacing the turns does not decrease the resistance ay 
ciably—not enough to oe for the extra length necessary, 
number of binders were tried on single-layer coils, all of them eausi 
slight increase in the r-f resistance of the coil, Collodion appear 
be the best of these binders. 

‘At frequencies above 3,000 ke, diclectric losses, eddy currents, 
internal capacity are important.” The first: two cause ‘relatively 
increases in the coil resistance. The third inereases both the resist 


200; 


Carve A-Polyiron Core Gain 265 

Curve B-BestCommercial 
ig Gain 72 : 

Curve C-Poorest Commercial 

ee air core 


Type 78 Tube 
x Ep =250volls 
PNT xe Svs 
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t 


wanna oS 
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22,—Iron-core coil characteristics. 


Fra. 


and inductance of the coil if the voltage in the circuit is not indy 
‘the coil itself. If the circuit e.m.f. is introduced by induction im 
coil, the internal capacity, acting as a parallel condenser, determin 
highest frequency to which the coil ean be tuned.” As the upper li 
peas tuning capacity is not very large (in order that the L/@ 
pe not too small), a large internal capacity seriously restricts the 
over which the coil may be tuned efficiently. _ It is for these reasons 
the single-layer solenoid is used almost exclusively at such frequenel 

Coils for Short-wave Receivers. A considerable study of col 
various sizes made from wire of various sizes and for use al freque 
of the order of 15 Me was made by W. 8. Barden and David chi 


1 Kleotronice, June. 1934, p. 174. (This material and that on iron-core inductam 
by she Editor, 


Saxo 5 ‘ : r A 
LaNauey, Ranew IH, Tuning by Permonbility Variation, Hlectronica, July, 1931; 
Hsin, Auras, Iron Core Intermediate Frequency Transformers, Bleclronies, 
amcber, 1933; Ponynonorr, W. J, Purther Notes on Tron-core Coils, Blectrontes 
M4 fs, 184; and Perro-inductors and Permeability Tuning, Proc. 1-f.., May 19334 
"1. V., Ferrocart and Its Applications, Electronica, November, 1934. 
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area 
‘As the frequency increases, the inductance decreases, its value at infinite 


Care was taken to align the receiver properly at each frequen ee oe trans 


order that each test be made under the best conditions. 


Al 
Wren Arn-cone Traxsrornns 1g = 0,002 2.303 lone # — 1] (32) 
Band width Band width Band width A general expression for the inductance at any frequency is 
Tiseoaien’ 10 times, 00 times, 1,000 times, a a 
Blocyelen | Hlogyeles | Kiloayetee L= o.ooai{ 2.303 loge = 1 + 4d (33) 
1400 | ag 37 62 5 ‘The quantity 4 is obtained from the table below, as a function of the 
1,000 | 13 28 416 4 argument z, where 
600 | 13 26 42 5 [a 
- = z= o.1405a/#2 (34) 
Wirn Inon-core Unrrs rus coat 
5 , — and fis the frequency and p is the volume resistivity of the wire in microhm- 
1,400 16 31 5 centimeters. For copper at 20°C., 
800 $ i ‘ xe = O.107IdVF 


This qua 6 will be used in several of the following formulas without 
further definition. 


Vauve or 6 rx Inpuctance Formunas 


17. Calculation of Inductance of Air-core Coils. The inductani 
many types of air-core coils may be calculated by means of fo 
involving the dimensions of the coil and the number of turns. 
formulas from Circular 74 of the Bureau of Standards are given 
Few of the available corrections to inductance formulas are incl 
since they apply only to the calculation of the l-f inductance. 
inductance of a coil cannot be calculated with a high degree of ac 
beeause of the skin effect and coil capacity, 

In the following formulas all dimensions are expressed in contimet 
the inductance is in microhenrys. 

18, Straight Round Wire. Bin is the length of the wire, d is the dii 
of the cross section, and y is the permeability of the material of the wire, 


Io = 0.002 loge? a4 +2] 


19. Two Parallel Round Wires—Return Circuit. The current is assumed 
1 fow in opposite directions in two parallel wires of length | and diameter d, 
the distance between centers of wires being D. Then 


2 
aes o.oo 2.308 loge 2? -? a P| (85) 
Fhis nogiects the inductance of the wires connecting the two main wires, 
MU thoso wires are long, their inductance may be calculated by Ea. (33) and 
faded to the result from Eq. (35), or the whole system may be treated as 
Festanglo and the inductance calculated by Eq. Sr). 5 

t,70. Square of Round Wire. ‘The length of one side of the square is denoted 
Fi ¥ a; other letters have already been defined. 

= 0.0024 2.303 log 7 —1+ Al 


a 0,008 2.308 loge f+ 2 — 0.774 + | (36) 


41. Rectanglé of Round Wire. The sides of the rectangle are @ and a1 
id the diagonal g = Va? +a: Then 


Tf « = 1 (for all materials except iron), 


d 


The return conductor is assumed to be remote. Thesé formulas give 
low-frequency induetance. 


Ly = o.ooar| 2308 logue # — ozo | 


L ~ 6.00021 (a +41) lone 428" — a log (a +0) ~ a lonio (as +o] 
F. 


. Standards Sci. Paper 169; Grover, 
ers 320, 1917; 455, 1922; 468, 1923. See fore: i 
! lly at low frequencies, Moraas Buooxs and H. M. Tunxnst, 
tance of Coils, Bull. 53, Univ. Ill. Eng. Exper. Sta,, Jan. 8, 1912. 


0.004] nse +a) + 2(0 + 4) =a + | ‘ @7 
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22. Grounded Horizontal Wire. The wire is assumed to be pari 
the earth which acts as the return circuit. In addition to symbols 
used, A denotes the height of the wire above ground. Then 


tease 
t+ VE + ale 
+0.002 vis Fale — e+? +d — 2h +4] 


23. Circular Ring of Circular Section, 


L = 0,004605!} logie s + logio 


If ais the mean radius of the 
L= 0.012574] 2.203 Jog 4 -2 +n] 
provided that d/2a < 0.2, 


25 
f fa 
as 
eget 
cH 
} Saco 
ae 
z 
. 
7 19920} 90 
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ac) | eee 
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Li 40009 
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Aaron at point of intersection 
ren ff eons ae 
Beare f Leon Sad 0-6 Samae eis 
Fic. Inductance-design chart. 


24, Single-layer Coil or Solenoid. 
0395a%n* 


L =o K 


6 


where n is the number of turns, a is the radius of the coil measured ft 
axis to the center of the wire, b is the length of the coil, and K is a fun 
2a/b, the value of which may be determined by means of the table 
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Vauvr or K in Formvuna 40 


iam . Diam- i Diam- 
forts | x | Dilfer | torts | x | Piller | cter to 
length ence | length length 


esceeegegs totonotens teroteters 


ESSeS ZBEES SESSE SESE SE3BR SEES SESSB SBESE 
FREES Soeee Saas5 


22 Seses S505 So5o5 SCODSS SReEs BSEES 


3S SESS SSERS Seses 


S29eS wma Beane Bosee coerce 


12° Multilayer Coils: Circular Coils of Rectangular Cross Section. Vor 


ME coils of-n few layers, the following formula may be used: 


0.0126n%ae 


rise Dig = es (0.693 + By) 


ay 


iiere 1, is the inductance calculated by Eq. (40), n and } are the seme as in 
teaiist©?, @ 8 the radius of coil measured from axis to center of winding cross 


cis the radial depth of winding, and B, is the correction given on p. 96. 
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Vator or B, wy Formvra 43 Vatue or Constants In Formunas (42) ap (43) 


b/e or o/b | u ef n vf/e uw 
0 0.5000, 0.125 0 0.597 
0.025 | 0.5253 
0.05 0.5490 0.127 0.05 0.599 
0.10 0.5924 0.132 , 0.10 0.602 
0.15 0.6310 0.142 0.15 
| he if | 
For short multilayer coils, the dimensions shown in Fig. 5 i ; 
formulas are required, one for use when & > c, and the other for use when 0,90 ov7ai7 0.102 | 0:30 
e. In the first case: 0.35 0.7447 0.215 0.35 
+s 5) 0:43 0.38168 oo | Oa 
L = 0.01257an't (1 + 3955 + peal, 0:50 0.7060 0.307 0:50 | 
Se 
—gks 0.55 0 8081 0. 0.55 | 
Vag —n ty 0:00 0.182 pest 0:00 
¥ 8 | tee im | 28 
= 0.01257an' 2.303 (1 + 30°5 + gos) ; ; pris ris | 
=, Yj eeetS | tee | tm | te 
logieG — us + 7gqi? 085 018451 0.632 0:85 
Sie é oo 0.90 0.8470 0.690 0:90 
sates : nS | oes ec 
e : 
Le= 0.01257an-|, (@ + ord + ae) . p 
Sa Iie 
lone SF = an + “pe Jomay be used to correct for insulation by replacing the factor 


For a single-layer square coil, 
Lea 0.008an‘{ 2.303 log:ey, ae o2231% + 0.726 | — 0.008an(A +B) (47) 


= 0.01257an-{ 2.303(1 +pa +a) 


: 
loge F — m1 + pean] 


ie and 4 may be obtained from the table shown below, These 
mulas are quite accurate as long as the diagonal of the eross sect = 
does not exceed the mean radius. The accuracy decreases considerably Vator or A tx Forauna (47) 
becomes large in comparison with a 

For very accurate results, a correction must be added if the insula 
the wire occupies a considerable percentage of the winding space, 
correction is given by 


{and B are given below, where d is the diameter of the bare wire and D is 
the distance between turns, measured to the centers of the wires. 


S 


1.00 0.557 0.40 0.15 

AL = 0.01267an{ 2.303 Jogi? +0.155 | 0-05, 0506 0.38 os 

O82 0.452 0.36 0.13 

where D is the distance betweon the centers of adjacent wires, and d 0:80 Oaae $8 as 
diameter of the bare wire. ‘ i i 

. Multilayer Square Coil. If n is the number of turns and a is the 0.75, 0.269 0.30 0.10 

of the square measured to the center of the rectangular cross section 8 ay 0.200 0.28 0.09 

has length } and depth ¢, then oe 9-428 0-26 9:08 
0.55 0. 2 x 

L = 0.008an‘{ 2.508 loge 5 ¥ eet bins ty 

oA 0.136 0.20 0.05 

If the cross section is square (b = ¢), this becomes 0-46 =O:80 38 Tes 

a b . oi = 0.264 0.17 0.02 

L= 0.008an‘{ 2.903 logie 5 + 0.4475 + 0.033 | =a =0.311 0.16 O01 
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Vatue or B rw Formuta (47) 


Number of | - 


Number of B 
‘turns, 1 turns, 
1 0. | 40 
2 0 45 
a 0. 30 
4 0 60 
5 0. 70 
6 0. 80 
7 0 20 
8 0. 100 
9 0. 150 
10 °. 200 
15 0. 300 
20 0 400 
25 0. 500 
30 0 700 
35 o 1,000 


27. Inductance Standards. 
standards must be rugged, permanent, and constant. 
fundamental standard is a single square turn of round wire. The ii 
tance of such a standard can be caleulated with great accura 
When a standard having a large value of aie 
single square turn becomes too large for use, and it is necessary to 
some more compact form. The resistance and internal capacity 


be kept to « minimum, Furthermore the turns must be held rigid! 


place so they cannot change their relative positions. The diel 
in the field of the coil must have a minimum volume and be of 
matorial that the losses in it are as small as possible. 

These requirements are best met by a single-layer solenoid 
spaced winding. For a minimum conductor resistance, the ral 


diameter to length should be 2.46, but a somewhat smaller value of 


ratio is desirable to reduce the internal capaci 
to the radius. 

One excellent form of standard inductor is made by winding 
covered Litz wire in slots in. the edges of strips of hard rubber, the 
of which are supported by hard-rubber rings. With this skeleton 
of winding form, the cross section of the coil is polygonal rather 
circular, In order that the proper ratios of diameter to length. mi 
maintained, the coils must be of large size, their diameters ranging 
10 to 40 ern. for inductance values that are necessary in the fr 
range from 15 to 1,500 ke, Such a coil must be given relatively 
handling, however, since jolts might cause some of the wires to 
their po: A’ more rugged coil consists of bare wire wound 


, this being propo! 


drieal form, the turns being cemented in place with @ 


little cement, preferably collodion. The form should be as thin 
consistent, with adequate strength. Glass forms may also 
although it is then necessary to cement the turns more thoroughly 
in the case of a threaded form. 

With recent advances in the preeision of frequency determina’ 


improvement in standard condensers, the temperature coefficient 


‘tance is desired, 
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standard inductance may become an important factor. It is possible, 
jn this case, to reduce the temperature coefficient by a special, design 
of the winding form, “ 

28, Mutual Inductance. As the changing magnetic field due to a 
varying current in a cireuit induces an e.m.f. in the circuit itself, so may 
jt induce an e.m.f. in any neighboring circuit. The e.m.f. indueed in the 
first circuit depends upon the self-inductance of that cireuit, and, in the 
same way, the emf. induced in the second circuit depends upon 
the mutual inductance between the two circuits. Mutual inductance 
js defined in three ways exactly analogous to the three ways of defining 

«duetanee: (1) as the magnetic flux linking the second cireuit when 
unit current flows in the first circuit; (2) as the e.m.f. induced in circuit 
2 when the current in circuit 1 changes at the rate of one unit per second; 
(3) as twice the work “done in establishing the magnetic flux, linki 
eirenit 2, associated with unit current in cireuit 1. These three defi 
give constant and equal values for the mutual inductance if there is no 
material of variable permeability near the circuits and if the current 

not vary so rapidly that its distribution in the cross section of the 
conductors differs greatly from a uniform one. The chan n current 
distribution at high frequencies, however, has a very slight efiect upon the 
mutual inductance. 

‘The units of mutual inductance are the same as those of self-inductance: 

the practical system they are the henry and its subdivisions, the milli- 

(mh) and mierohenry (uh). : 
29. Measurement of Mutual Inductance. When two inductors, 
mutual inductance, are connected in series so that their mng- 
each other, the total inductance of the combination is 


Li =I, +11 + 2M (48) 


Where L’ is the inductance of the combination, L; and Ly are the indue- 
tinces of the coils, and M is their mutual inductance, If the conn 
to one of the coils are reversed, the total inductance heeomes 


Li =I, +1, — 2M (49) 
Then, from these two equations, 
Pr ea tte (50) 


a 


foc lies relations furnish convenient method 
{ei the measurement of mutual inductance. The 
lictance of the two coils connected in series is 
fisssured by any suitable method, the connections 
ene coil reversed, and the inductance again 
fitssered. ‘Thelarger of thetwo measured values 
dy" denoted by L’ and the smaller by L”, and 
‘aleulated by means of Eq. (30). ‘This 
Thated is applicable at any frequency, provided 
tig Rductance-measurement inethod is appropri- = 
Thectt, that frequency. It is not very accurate Fig. 25.—Cireuit for meas- 
$72 Mis small in comparison withthe inductance wring mutual inductance. 
athe larger of the two coils. P 
method applicable for all values of M is illustrated in Fig. 25.1 V 
fibiesents a voltage-measuring deviee of high impedance, preferably a 
Stmionie voltmeter. A voltage source of frequency w/2* is connecte 
Mout, EB. B., “Radio Frequency Measurements." p. 388, 1932 
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the terminals A and B, the current being denoted by ¢. When the switch 


js connected to point 1, the voltage mi 
a (1) 
With the switch on point 2, the measured voltage 
e: = 0Mi = o*MCe (62) 
(63) 
(64) 


If a variable standard of mutual inductance is available, any other mutual 
inductance whose value falls within the range of the standard may be readily 
measured. The primaries are connected in series to a vol yurce, the 
secondaries in opposition to a. telepho er or other indicating device, 
and the standard is varied until a null indication is obtained. ‘The unknown 
mutual inductance then has the value indicated by the standard. 

30, Calculation of Mutual Inductance.! The mutual inductance of two 
Barallel couxial circles may be calculated by the following method: first, 

late 


(55) 


=, @ is the radius of the smaller circle, A the radius of the larger circle, 


and D the distance between the planes of the two circles. From the table 
ere h Bugs 100 100 the value of F corresponding to the calculated value of r:/ri 
in 


M =FVda (56) 


The units are the same as in the formulas for self-inductance already given. 
‘or two parallel coaxial multilayer coils of square or nearly square cross 
m, & good approximation is given by 
M =ninsMo (57) 
Where n) and nz are the numbers of turns on the two coils, and Mo is the 
Cree inductance of two circles located at the centers of the cross sections 
wo coils. 

ted same formula may be used as a rough approximation for the mutual 

luctance of two coaxial single-layer solenoids. 
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SECTION 5 
CAPACITANCE 
By E. L. Haut,’ EE. 


Capacitance is one of the three electrical quantit 


1. Capacitance. 
present in all radio circuits. ‘The radio engineer endeavors to concent 
capacitance in definite well-known forms at definite points in the ci 
but capacitance exists between different conductors in the circuits 


between the various conductors and the ground. Such capacitai 
usually small, are ordinarily of no importance in the ease of 1-f or 
currents but may be of great consequence in r-f cirenits. 

A condenser is an electrical device in which capacitances play the 
role. While some inductance and some resistance are present, fl 
quantities are usually of such minor importance that they are 
considered, 

A condenser has three essential parts, two of which are usually 
plates separated or insulated by the third part called the dielectric. 

‘The amount of electricity which the condenser will hold depends 
the Diets 2) applied to the condenser. This may be expres 
Q=C XV. The capacitance of the condenser is the ratio of thea 

wi 


of elecérielty and the potential difference or voltage, or C = @ 


Q i pitas in coulombs, C in farads, and V in volts. ‘The capacitance 
fenser is dependent on the size and spacing of the plates and 
kind of dielectric between the plates. 

2. Units of Capacitance. The unit of capacitance is the farad, 
condenser has a capacitance of one farad when one coulomb of elects 
can be added to it by an applied voltage of one volt. is unit is 
large for practical use so that a smaller unit, the microfarad, abbrevit 
af, or one-millionth of a farad, isused. A condenser haying a capaci 
of one microfarad is much larger than is used in radio circuits. 
densers for such circuits usually haye capacitances between a few 
sandths and a few millionths of a microfarad. Another unit, the 
microfarad, is often used. It is abbreviated puf. 

Another unit of capacitance sometimes used is the centimeter. 
centimeter is equal to 1.1124 micromicrofarads. 

8. Electrical Energy of Charged Condenser. Work is done in ch: 

a condenser because the dielectric opposes the setting up of the el 
strain or displacement, of the electric field in the dielectric. The & 
of the charging source is stored up as electrostatic energy in the di 

‘The work done in placing a charge in the condenser is 

Q 
1G 
1 Radio Engineer, Radio Section, National Bureau of Standards, 
100 


1 4 
W=30xV =5C 
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y is expressed in joules 
where 1 is expressed in eoulombs 

Y is expressed in volts. . 
pho work done in charging the condenser is independent of the time taken to 

rk 
chart ower Required to Charge Condenser. ‘The average power required to 
charge a condenser is given by the equation 


1cv? 
fe 1g 


P is expressed in watts 
where {js expressed in microfarads 
¥ fe expressed in volts 
is expressed in soconds, 
If the condenser is charged and discharged N times per second the above 
gquation becomes 


P = CVIN 


If an alternating e.m.f. of frequency J is used in charging the condenser, the 
oquation may be written 
P = Chef 
where P = power in watts 
(= Gapacitanee in farads 
Eo = maximum value of voltage 
f = frequency in cycles per second. 

5. Dielectric Materials. ‘The dielectric of a condenser is one. of the 
three essential parts, It may be found in solid, liquid, or gaseous form 
or in combinations of these forms in a given condenser. 

The simplest form of condenser consists of two electrodes or plates 
separated by air. This represents a condenser having a gaseous diclee- 

If this imaginary condenser has the air between the plates replaced 
by a non-conducting liquid, such as transformer oil, and if the distance 
ween the plates is the same as in the first case, it would be found 
hut the capacitance was increased several times because the oil has a 
Nigher value of dielectric constant than air which is usually taken as 1. 
f the space between the plates is occupied by a solid insulator, a 
fondenser would result, which would be practical, as far as the possibility 
constructing it is concerned. It would be found, in this case also, 
hat the capacitance of the condenser was several times larger than when 
Ait was the dielectric. ee i aa g 

‘The mechanical construction of either air or liquid dicleetrie condensers 
Tequires the use of a certain amount of solid dielectric for holding the 

© sets of plates. ae é : 

ere area great many dielectric or insulating materials available from 
Which the engineer may choose. It often is found that a material which is 
ry yood from the electrical standpoint is poor mechanically, or vice 
oy . Air is the gas generally used as a dielectric. Compressed air 
been used in, some high-voltage condensers, and compressed nitrogen 

carbon dioxide are also in use. Z 
eral kinds of oil have been used in condensers, such as castor oil, 
aeganseed oil, and. transformer oil. More recently electrolytic con- 
rs have come into use in radio equipment for use as filters and 
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by-pass condensers where a large capacitance is required and either a power factor. The power loss in the insulating material is 
or pulsating d.ec. is applied. : P = EI cos 0 

mong the solids used as the condenser dielectric are mica, cet 
materials, and paper. Solid insulators used as mechanical supportg igh of P= Bien 
condensers include art, glass, Tsolantite, porcelain, bakelite, 
amber, hard rubber, Victron, Mycalex, ete. » E = voltage across the condenser 

& Dielectric Properties of Insulating Materials. Such propertigy Whe"? 7 = voltage ne amperes through the condenser 


as surface and volume resistivity, dielectric strength or puncture volts ri . a8 shown in Fig. 1. 
COIN NCEA ee ed absorption, are often considered im de Mame BUSY (7 OOtCe, aa aD TT the sine of » & 
commercial-frequeney applications. "Such data are of little value if phase difference is equal to the power factor, “>—]}-—www— 
insulating material is to be used ut, radio frequencies. When considering a condenser having dielocteio yr.q. "a —-Condpnser 
application rf measurements of various Josses, such as current leakage, brush discharge or with dielectric fosses, 
essential, A material which may be a trons, diclectric absorption or resisiance in the"! SSE" OMS 
frequencies may be worthless as an insula alates, joints, contacts lends, ote itis customary to think of it a 
nije ie fe most, important properties of an in for perfect condenser C' with a resistance 2 in series as 8 2a 
quencies is its power loss. ‘This includes several factors which are wuss fh avideohudic tase oa take 
cult to separate but together indicate its suitabil ‘The voltage vectors may be shown as in eiitic dhe vector didaranis. ‘The 
The general idea of the imperfection of a condenser is brought ¢ B flowing in the circuit is obtained by completing the vector diagram. | The 
several names such as “power ae eae factor,” and “phase Giimmmangie ¥ is quite emall for materiais suitable for rf insulators, 
ence,” but, they are not identical terms. 

Dielectrie constant is another important property of a material wh 
has a definite bearing upon its use at radio froqueneicy 

Neither power loss nor dielectric constant alone can be used in sele 
the best insulator for a particular application at radio frequencies. S 
investigators have published results in whieh a product of the po 
loss and dielectric constant appears. ‘This factor has no recognized’ 
as yet but has certain merits for indicating more completely the si 
bility of an insulating material for radio uses. 

7. Dielectric Constant. The dielectric constant K of an insulati 
material is the ratio of the capacitance C’, of a condenser using the mal 
rial as the dieleetrie, to the capacitance C. of the condenser using air as 
dielectric, or K = Cz/Co. This property of the material is someti 
called inductivity or specific inductive capacity, 

‘The dielectric constant of a material is not a constant in the true s 
of the word, but varies with the frequency, moisture content, temp 
ture, voltage applied, and manner of applying it. 

A table giving the dielectric constants of a large number of elect 
insulating materials will be found in Art. 9. 

8. Power Loss, Phase Difference, and P 

4. Factor. Wlectrical insulating matorials are not p 
fect in their insulating qualities, and there is a € 
tain amount of power absorbed in them when 

in an a-c circuit, A measurement of the po 
loss is the best single proj erty that gives an indi 
tion of the suitability of an insulating material 
use in radio circuits. Power loss ean be expre 
Fic. 1—Phase ina bY a number of quantities, the most commo 
i used being resistance, power factor, phase differe! 

and phase angle. . 
When a.c. flows in a condenser, the voltage across the condenser I 
somewhat less than 90 deg. behind the current as shown by the angl 
(fig. 1), called the phase angle. ‘The complement y of the phase an 
is culled the phase difference. ‘The cosine of the phase angle is called 


Bp7RI 


T 
of tany = rut = RoC = 2nfRO 


resistance, capacitance, and frequency can 
be pea the phase difference can be calculated 


from 
v = 2xfRC 


hase difference in radians 
requency in cycles per second 


Fi. 3—Vector rela- where ¥. 
tions ‘in a condenser : i 
it i ‘esistance in ohms 
ig ovtzio Hesse! C = capacitance in farads. an 
‘The following equation is sometimes convenient when wave length in 
Meters is given 


i 
v= 0.107982 


hero y= phase difference in degrees 
R = resistance inohms 
C = capacitance in micromicrofarads 
» = wave length in meters, 4 (neatly) 
Por small hase differenee in radians is equal to power factor (nearly). 
ower Tabet pen cent is 1.745 times phase ‘itference in degrees. Power 
factor in per cent is given by the following equation: 


cos @ = 2xfRC X 107 


here cos ¢ = power factor in per cent 

f = frequeney in kilocycles 

H = resistance in ohms 
ra ‘itance in micromicrot 2 4 
The leanes of electricity by conduction through the dielectric < sions 
ferlace contributes to the phase difference but is generally neakigit le at high 2 
feauencies. A condonser having leakage muy be represented by a perfect 

i stance in parallel as_ shows 4, ¢ 

Biden boc ress ths capacitance sod the resistance, £2 thscugh the tessbance 
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being in phase with the applied voltage Z, and Ie through the capacit 
leading # by 90 deg. as shown in Fig. 5. The resultant current I leads 
(90 deg. —¥), where y is the phase difference. In Fig. 5 


re ey, | Diclectrie | Power fac- : 
ae Material Hreaueney: | Ronstant. |tor per cent] 200708 
= sae 3 = 3) = at 
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power factor of the condenser is W/VI. ‘Thy relation between I (amporgiM — Portland.........cc0e0000 5 1,009 0. e 
and V (volts) for a condenser of capacitance C (microfarads) operating re ee 
frequency f is “000 3 
Condensa. 3:00 
10,000 
‘The power factor of a condenser in per cont may be written Concdensa © . 
9 = W X10 _ Ww x10 
608 9 = ORICVE = aOVE Fiber, blnck \ 6 
Referring again to Fig. 2 showing the perfect condenser @ and resistane Pil opregnaved 6 
replacing the actual condenser, the value of 2 can be calculated from a i 
cauation W = 22. The quantity 2 is known as the equivalent restata 0 
the condenser at the given frequeney. Proquenta.. cee ‘ : 
‘The expression WX 10%/aCV* for power factor can be changed into 
expression involving resistance, capacitance, and w by substituting, [22 for 
and then substituting «('V/10% for I, giving power factor equal to Proquonta 1 é 
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Vatuss or Dretecrric Constant ann Powrr Factor ror Dix 
Tysunatinc Marerrars av Rapio Frequencres.—(Continuer 


igo in temperature is a factor of great importance in connection with 
tise freakdown of a dielectric under the applied voltage, Insulating 


; ‘ n a ating 
i Myeauenoy, atrio | Power fao- forinls are not strictly homogeneous. The eurrent leak throug! 
aasteat Tlasyele’ | commune |sen ma wavnuting material may perhaps be concentrated in a few small paths 
aS —s through the material, and the energy loss due to the leakage, while small, 
Varnigh film, clear, linsood-oit 2 a may’ be large compat with the area through whieh itis flowing. The 
cleat ym t 1,000 a) mths of the current flowing through the dielectric become heated with a 
woar tupac ¢ | ae Pmlting lowering of the resistance of the path and an increase in the 
Snsutating + Shay se 8 2} cnirent leakage. ‘The heating of the dielectric may lead to rapid deteri- 
Siena coat, gallon) 1,000 i Hy oration, particularly if moisture is present, and ultimate breakdown, 
“Whetstor sess thar... 446-877 So | bog The leriath of time of the application of the voltage has a definite beariag 
Yitrolexs 1.100 P| otiGa} upon the breakdown voltage. Most dielectrics will withstand for a 
Seesiaeratoer 48:00 9 2.9 very brief period a much higher voltage than they can when the voltage 
Was, beeswax... “000 5. | ae is applied for a longer period. 5 
ceresin. : 1000 | 2 ° io.2if These effects have dictated two tests for condensers, a high flash-test 
paraffin. 1,000 0.97 yoltage of very brief duration and the application of a much lower 
bf yr 1G yoltage for a longer period. i 
eypress, dry 4 a1 ‘The dielectric strength of a material is usually found to be lower for 
ea ta Gee! 8.5 rf voltages than for a-t or d-c yoltages. ‘The rupturing voltage at radio 
cae gs 2.48) frequencies depends on the rapidity with which the voltage is raised and 
6.48' isnot nearly so definite a phenomenon as I-f puncture voltage. _ Dielectric 
t strength of solid insulators is difficult to measure because of the com- 
35 plexity of the experimental effects. As the r-f currents flow in the 
3°89 material, heating, corona, flashover, and possible deterioration, blistering, 
ig 4:20, or charring may result, with consequent changing of voltage and current 
seemed ty: [23 as the time of application elapses. 
PP 


Range of nine samples of various chemical compositions reported. 


* Range of 27 les of various chemical compositions reported. If high r-f yoltages are applied to an air condenser, a corona discharge may 
4 Measurements nude between 80 and L815 kes ns “PO -sct up which appears as a visible glow around high-potential metal parts, 
2 Miu, J. M. nd B. Sarzsene, Measurements of Admittances at Ultra-high Points, and sharp edges and is usually distinetly audible. These corona 
auencies, ea. 


480-504, April, 1939. sffects ent a, power loss in the condenser, Hence the construction of 
Scuors, Exicn, Hochfrequenaveriuste von Glisern und cinigen anderen na ICN 


! 4ir condensers for high voltages requires the rounding of all edges and corners 
tries, Jahrb. drahtlosen Tele. Tele., 18, 82-122, August, 1921. id i i i 

*Haxpnun, H., Keramische Sperialinassen, cArchio. far tech, Meaeen, 44, aud the avoiding of sharp points Which encourage the formation of corona 
February, 1085. PS d ; gat nd flashover. 

LoourTELD, G. F., Insulating Materials for the Higher Frequencies, 7 & R. 

14, 635-630, May, 1930; Radio Tech, Digest, No. 1%, 28-42, Soprember-Gctober, *11. Dielectric Absorption. When « condenser 2 

3 Puseron, Jo and E. L. Haus, Radio-frequoney Properties of Insulating Mal *ource of e.m.f., the instantaneous charge is followed by the flow of a small 
Octal Misste Gating Md stoadily decreasing current into the condenser, ‘The additional 
Te Duoxen, Wruttan C, Power Losses in Commercial Glannon, Ble. World, 89, OOF tharge is absorbed by the dielectric. Similarly the instantancous dis- 
Mar. 19, 


Sharge of » condenser is followed by « continuously decreasing current. 


aecarnEe. 3, Guy The Doteruination, of Diolectrio Propartion at Very Tigh The condenser docs not become fully charged immediately, nor does it 
* Hocn, E, “t., Power Losses in Instiluting Matorials, Bell Syatom Tech. J Mpletely discharge immediately when its terminals are shorted, but 

Ne ei Macaw fDkGbatbing abel algn ielsee: ol ui coalito aa *0Voral discharges may be secured when the condenser possoesee dislestris 

1B, 18, 1907-1815, Auguste 1090. Tt | MYstlex to Radio Apparatus Hhterption. ‘The maximum charge in a condenser eyelically charged and 
1 Maclnon, H. J., Power Lowes in Dieleotsies, Phys. Rev., 91, 53-73, 1028, charged varies with the frequency of Seeks ie bade at nadie cise 
yeas cn cl i ci iel tric absorption is used at radi - 
2 The Neoprene Notebook, No. 23, 95, January-February, 1940. condenser: evidencing diplestrio absorp! 


Mencies, 2 power loss occurs which appears as heat in the condenser. 
he existence of power loss indicates a component of emf. in phase with 
© current as though a resistance were in series with the condenser as 
“f}own in Fig. 2. ‘The effect of dielectric absorption can be measured 
Tete with other losses in the condenser, although dielectric absorption 
resents the chief power loss in solid dielectrics. : 

j2. Calculation of Capacitance. Formulas are available for use in 
“sleulnting the capacitance for a large number of geometrical shapes of 


“Laws, A. B. EB. L, Haut, and I R. CaLpweL., Si trical Prapa 
Foreign and Domestic Mieas and the Effect of Blevated Tomporatures on Mica th 
Standards Jour. Research, 7, 40, August, 1981, 

¥ Dielectric Products Corp. elroular. 

1“ Tuurwaven, H., Notes on Steatite-type High-frequency Insulation, QS7 
83, November, 1937, 


ee ee ae ee 
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conducting surfaces such as 
concentric, and flat surfaces of ic 
denser calculations are concerned with two or more flat conduetors. 


When two conducting plates are parallel, close together, and of large 
the capacitance of the condenser is given by 


© = 0.0885 x £8 


Pisce! and cylinders, either separat groundifig the shicld, In this manner a definite capacitance is always 
various shapes. The usual type of gssured for a given scale Petrie 
44. Effect of Frequency on Condenser Capacitance. One of the most 
important considerations is the effect of frequency upon the capacitance 
fie of a condenser. In the best condensers this effect is nil. In fact 
tne of the criterions of a suitable condenser for a capacitance standard is 
that its capacitance shall be the same for two different sets of charging and 
discharging conditions. A variable air condenser, such as the Bureau 
of Standards type described on page 120 of the Bureau's Circ. 74, gives 


where C = capacitance in micromlerofarads the same capacitance at 100 and at 1,000 charges and discharges per 


= dielectric constant (which is 1 for air) 


= } fecond. A condenser having considerable solid dielectric in its make-up 

A a ee Cai Pane urate ores ill show a difference in capacitance with frequency. The quantity of 
When more than two plates are used in the condenser, the formula be electricity which flows into a condenser during a finite charging period is 
‘er than would flow in-during an infinitely short charging period. 

c = 0.0885 x KSW — 0) Consequently the measured or apparent capacitance with a.c. of any 

t finite frequeney is greater than the capacitance on infinite frequency, the 


where V = number of plates, “Istter being called the geometric capacitance. The capacitance of a 
‘The actual capacitance of a parallel plate condenser is slightly larger condenser decreases as the frequency increases. 
the value as calculated from the above formula, because of the fringing of ‘The length of the internal leads of a condenser should be kept_as short 
Glectrio lines of forse bayond tho space between the plates. _ A. oo and direct as possible to minimize the inductance of the leads which 
can be made for this fringing by slightly increasing the dimensions of to eax h ieacaal vith fi Th 
lates. A narrow strip of width w can be added to the actual pli ieee to give an apparent change ot ties BESIDE eens Bae 
sions. In the case of circular plates w = 0.4413¢, and for plates wi amount of this change can be calculated trom Ca = C(1 + «CL X 10-%), 
edges w = 0.110, where ¢ is the distance between the plates in centimet where C, is the apparent or measured capacitance, C is in uf, and L in wh. 
Ai ciscifaniatiokie’ ide” Condensers. 7: Osinldngtidie at ted oe 15. Types of Condensers, ‘There aro many ways in which condensers 
condensers in a circuit are often, arranged in either series or pal ec ee iB rented a eae rating, (pees 
Condensers connected in parallel give a total capacitance equal to the: ¥arions radio applications are found in innumerable sizes, shapes, and 
of the capacitances of the individual condensers. | Condensers coni lise. ‘The two simplest divisions into which condensers may be classified 
ipimeeean a a Xoealuing oa asitansarwaiah ney be ealontated Ire have to do with their capacitance, i,¢., whether it is fixed or variable. 
retina 16. Types of Fixed Condensers. Fixed condensers are available in all 
fapacitance ranges from a few micromicrofarads to several microfarads, 
‘of any voltage rating up to 45,000 volts or higher, and in innumerable 
Shapes and dimensions, all depending upon the use for which the con- 
denser is intended. 
‘This formula gives the following expression in the case of two condi Iona?" formerly was used aa the dielectric for condensers for use on 
in series er voltages, while miea was used in condensers for higher voltages. 
Pod ® recently as the art of condenser manufacture has progressed, an 
impregnated paper dielectric is used in condensers for the 
Noltages, the whole condenser being mounted within an oil 
iner. a“ 
For paper dielectric 100 per cent pure linen paper is used, whi 
t severe requirements as to thickness, porosity, uniformity, 


_ ‘The various elements suéh as tubes, sockets, mountings, wiriny 
in radio apparatus contain many small capacitances by virtue of thes 


eae creaiottens Ther eal poesia eee are ts “ftom rom conducting ‘particles ‘atkalnity, and acidity. Two, ot 
ile th i i J layers o! r are used between the metal foil plates, dependin, 
tances, (While they. ate unimportant fn: some kines of work, 19 Spon te voltage for which the condenser is designed. Paper condensers 


Pla ANB ROB wt ptrllnrg Soicr Aeeed ee ble in hermetically sealed plug-in types to ft standard octal- 


account. In the case of resistance-coup! plifiers, for example, ry . eae y a 
capacitances reduce the amplifeation at the higher ado frequenccaallfypy'n40;4ube sockets, oth in wax-impregonted and oilimpregnated 


make a flat-characteristic with high over-all gain im; le. Pp. 
‘The effect of stray capacitances is eliminated in the case of con rippAber condensers are formed by winding two metal foil electrodes or 
used as capacitance standards by shielding the insulated plates Hs in conjunction with the paper ribbons. There are two types of 


ling, inductive and non-inductive. The latter type, is recommended for 
oxGovnen, Punusr R, “Electrical Condensers," Sir Isaac Pitman & Sons, d for the higher a-f work, The inductive type is satisfactory for I-f 
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In winding the inductive type of condenser, the foil used is narrower th 
tho paper, and the contact is made with the foils by tinned copper stig 
inserted in the winding. The non-induetive type of winding is made 
the foils about the same width as the paper. ‘The foil is staggered so that 
condenser plates project over the ends of the paper. The terminals 
soldered to the extending foil at the opposite ends and thus make cont 
with every turn of the foil. ‘The latter type of construction makes for mit 
mum plate resistance and minimum power loss. 

Mica has been used very extensively for condensers for use at radio fi 
quencies, India mica has been used almost exclusively as it has been 
ally considered as of superior quality for radio use 

Soloctod mica is split into sheots of definite thickness, gaged, and 
for punctures or other defects. A condenser is built up of alternating m 
and metal foil sheets, the sets of plates of opposite polarity being brot 
out at opposite ends where they are soldered together, forming, the 
terminals. ‘The whole stack of plates is rigidly clamped ‘together in sueh 
way as to firmly grip the plates in the center and expel all dielectric other th 
mica, 'The condenser may be mounted in a suitable container. 


During the last few years attention hag been given by the ma 
facturers to the development of small condensers of great stability, 
whose capacitance changes with temperature are a definite amount, pi 
tive or negative, as desired. ‘The adyent of push-button tuned recen 
sets has required the use of small condensers which would maintain. 
capacitance as the receiver warmed up or would change their eapacita 
so as to compensate for changes in the coils. A type of eondenser n 
available with positive, zero, or negative temperature coefficient emp 
‘a small ceramic tube as the dielectric, with silver plating inside and 0 
followed by copper plating and solder forming the two electrodes, 
which wire leads are soldered. Wax impregnation and moisturep) 
lacquer complete the condenser, which is said to be uneffected by chan 
in temperature and humidity. Condensers of this type have a 
working voltage of 500 and ean be obtained in sizes from 4 to 1000 

Another type of low-temperature coefficient condenser uses silt 
plating on mica and is mounted either in a ceramic or low-loss bakell 
case, ‘These condensers are wax-impregnated and sealed. ‘They 
smail positive temperature cooflicients, 


is to be used with higher voltages, the practice is to consti 
th two or more condenser sections in series, rather than 
ness of the mica. ‘The former method is more flexible th 
itting the construction of condensers for 45,000 volts 


in 
the latter, per 
higher, 


It is customary to mount the large high-voltage condensers in 
tanks which are filled with a high flash-point insulating oil which serve 
prevent access of dirt and moisture, prevents flashover along the ¢ 
denser sections, insulates the condenser from the tank, and condut 
heat away from the condenser elements. 

17. Electrolytic Condensers. Another type of fixed condenser wh 
has important applications is known as the electrolytic condenser, 
advantages are low cost and high capacitance as compared with other ty 
of fixed condensers. A unit of 8 af, 500-volt d-e rating may be mal 
factured in tubular assembly 7¢ in. in diameter by 144g in. long, 

‘The electrolytic condenser consists of three essential components? 
anode, the dielectric film, and the electrolyte. ‘The anode is alw 


! Data supplied by 8. H, Walters, Cornetl-Dubilier Electric Corp. 


madé, 
The d 

hin. 
fris the second plate of the 
virtue of the dielectric film formed on the latter. 


conde: 
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of aluminum of high purity and forms one plate on the cond 
lielectrie film is formed elec d 

‘The electrolyte may be either a liquid or a pastelike substance. 
condenser, insulated from the anode plate by 


enser. 
‘ochemically on the anode and is very 


BJectrolytie condensers may be divided into two general classes: 


1. Dry electrolytic condensers in which a pastelike form of electrolyte is 


aod ar ae Bsc 
9. Wet electrolytic condensers in which a liquid or 


waterlike electrolyte is used. 


‘The electrolyte in the case of dry 
densers is absorbed in porous p: 


{ion adjacent to the anode foil 


paper. 


solution. 


jon. ‘The anode member with adhering dielectric 
film is suspended in a can, generally of aluminum, 


wper and held in posi- 
by this paper, In 
addition another aluminum foil, generally called the 
cathode foil is incorporated for the purpose of mak- 
ing clectrieal contact to the electrolyte-saturated 


blectrolytic con- 


n the wet type the electrolyte is a dilute water | Fic. 6. Tlec- 


. trolytie condenser 


construction. 


The can is then filled with the electrolyte. The can acts as the electrical 
connection to the electrolyte similar to the eathode foil in the ease of the 
y clectrolytie condenser. 


‘or 


given area of anode surface the eapa 
ris inversely proportional to the thickness of the dielectric film. 


itance in microfarads of the 


The film thickness is proportional to the voltage during the electrofor- 
mation of the film. Therefore, condensers with very low voltage ratings 


The ordinary ranges are 500 


000 uf in capacitance for voltage ratings of 6 to 60 volts d.c. and 2 to 


may be made with very high eapacitane 
404 


a) 
WO TSO 200 T0300 350 400-450 


r, Forming Voltage. 

1G, 7.—Rlectrolytic condenser 
characteristic. 

A time, 

“Utrent even at low voltages. 


“hit to dray 


100 pf with voltage ratings of 100 to 
150 volts d.c. 

18. Electrolytic Condenser Charac- 
teristics. The d-e voltage which an 
clectrolytie condenser can withstand is 
governed by the voltage at whieh the 
original film is applied. Tt is necessary 
that the anode always be connected to 
the positive side of the voltage source, 
‘An electrolytic condenser connected in 
this manner will operate satisfactorily 
as long as the applied voltage is of cor- 
rect polarity and does not exceed rated 
voltage for more than a few seconds at 


A reversal of potential will cause the unit to draw considerable 
t A d-e voltage in exe 
Ww an appreciable leakage current. 


ass of rated causes the 


ry electrolytic condensers have a definite breakdown voltage at which 
it failure occurs. Momentary surges less than this breakdown 


TMANCH 


Volt, 
T the 
500 vot 


s 
Sp Acita 


anode area 


ge but higher than operating voltage will ordinarily do no damage. 

such as to give 8 uf when the working voltage is 
d.c,, then the same area at lower working voltages will yield 
nee’as indicated on the curve of Fig. 7. 
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Tow temperature causes a decrease in capacitance and an increase in 
wer factor, ‘These changes are temporary and are restored to normal 
when normal temperatures are again reached, Z 

Where high operating temperatures are to be experienced, the con- 
struction should Bo hermetically sealed in metal cans,” This construction 
limits the loss of electrolyte to a minimum, and longer life is to be 

ected. “i 5 

1. Applications. ‘The nature of electrolytic condensers makes them 
particularly suitable for filter circuits in Jetting 


for supplios where a relatively high ae 
Repocitanice is fequired together with | —ap 
y vithsts va dt tential 
the ability to wit oa ad-c Sears i “ae & 


and small superposed a-c rip} c- 
fond only in importance is the use as 
ef by-pass condensers across screen eacenese fe 
grids and aoe Bia Sede ae > iv 
use of a-c electrolytics wherein the et ee reee vat 
tathode foil is replaced with a second Fic; ¢-"Production testing cir. 
anode is important in capacitor motor _ aun 
service. These latter units are divided into two classes, those for inter- 
mittent duty and those foreontinuousduty. The former are rated at from 
‘80 to 500 uf at 110 volts a.c. and the latter at 10 to 50 uf at 25 volts a. 
‘The intermittent-duty type functions only during the starting of 
‘capacitor motor (capacitor start-induction run). The continuous-duty 
type functions in the smaller motors rated at about }{oo0 hp. and is 
fontinuously on voltage during the operation of the motor. 

. Testing. The circuit of Fig. 9 is generally used to test electro- 
Iyties in production. £4, supplies a polarizing voltage so that the voltage 


Electrolytic condensers have a power factor which is conside 
higher than other types of fixed condensers. ‘This is due in part to 
fact that one of the conducting plates is the electrolyte which has 
siderably higher resistance than the conventional metallie plates of 
other types, In effect this places a resistance in series with the cond 
and hence causes a high power factor of the entire unit. Dry electrol 
condensers have a power factor of about 6 ice cent at 60 to 120 cys 
Power factors increase with frequency, and for this reason the 
electrolytic condensers is generally confined to the I application, 
19, Btohed-foll Types." Within recent years methods of treatin 
smooth foil surface in such a way as to make it extremely rough 
een applied to electrolytic condensers. ‘The anode then has an ine 
total area over and above the original smooth surface. ‘The diel 
film follows the contours of the foil, and the result is a great increa 
capacitance with no inerease in volume for any given working vol 


20 


ity 


i} 


ge in capac 
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Fra, 8.—Comparison of etched- and plain-foil temperature characte: 


Per cent chan 


Several methods have been evolved for formation of a roughened 
face for the anode foil. Chief among these are as follows: (1) etehi 
whereby the smooth foil surface is attacked either chem sally or elect 


chemically; (2) mechanical roughening, whereby the surface is rough 10000hms variable set 
by suitable abrasive; and (3) aluminum spraying, whereby the alumim Itt OC Bbching Cond” ereting 
is panes in molten state on a suitable carrier medium. Condenser Under Test” 

20. Characteristics under Adverse Conditions. Electrolytic Polarizing Voltage 


densers operate best under normal condition of temperature. 
limitations of the electrolyte and the Slane are the gover 
factors in the operation of this type of condenser. 

Extremely high temperatures cause the electrolyte to dry out 
increase in ‘resistivity with consequent increase in power factor wl 
normal temperature is again reached. Furthermore the increase in| 
leakage current with temperature must be considered since there 
danger of the start of a destructive cyele due to the generation of in 


Fie. 11,—Capacitance and power factor 


10.—Cireuit for measuring 
measurement. 


condenser capacitance. 


izh the condenser. 
Por t} 


heat because of the increased d-c leakage. 


‘Temperatures up to 140°F. are considered normal although tem 


tures up to 185°F, are not dangerous if the condenser is rated at 
100 volts higher than the actual operating voltage. 


ceurate measurement of capacitance and power-factor bridge 
mis such as those shown in Fig. 10 or 11 should be used. They are 

‘tially standard bridge systems rearranged to permit the application 
® polarizing voltage. 


116 THE RADIO ENGINEERING HANDBOOK CAPACITANCE . 7 


23. Types of Variable Condensers. The most common Gompressed-air condensers were formerly used in some radio trans- 
variable condenser consists of a series of parallel metal plates fast ‘tations. The voltage which such a condenser will stand is 
to a shaft capable of rotation so that the moving plates intermesh wj 4 without changing the capacitance. 
set of xed plates. Air is the main dielectric in such condensers, alth ressed gas condenters, utilizing nitrogen under pressure up to 
some solid insulating material is required to ensure that the two Mit, per square inch as the dielectric, are now being extensively used 
lates are correctly located with respect to each other. Many Mproadcast transmitters. The advantages of low loss and permanent: 
insulating the plates from each other have been devised, using in brotieristics of this type of condenser have long been recognized, but 
more pieces of the insulating material in sheet, rod, or bar form. aly of recent date that any attempt has been made to offer a wide 
lite, hard rubber, Pyrex, porcelain, fused quartz, and Isolantit oe ial selection of this type of condenser. 
some of the materials used for such insulators. One manufacturer offers three lines of condensers with flashover ratings 
‘The most common use of a variable condenser is in association of 15, 20, and 30 kv rams, at 1,000 ke, and capacitance ranges up to 
coil, the combination forming a circuit resonant to a band of 1000, 1,300, and 2,000 wal, respectively. These are available in fixed, 
frequencies depending upon the coil constants and the capacitance m Niustable, or continuously variable types. Special units have been 
of tue condenser. For a number of applications it is more com Ht with lashovers up to 60 ky rms, and capacitances up to 20,000 uuf. 
to have the capacitance change in a diflerent way than Prope ruction varies somewhat with different manufacturers. One 
eer 


theangle of rotation of the plates. ‘This first resulted in the “decrem ma completely non-magnetic assembly using heat-treated aluminum 
plare and the straight-line wave-length plate. the use of fi and end closures. As a typical example, a variable condenser 
10 7 .s. flashover rating will have a height of 36 in., an over-all 
an flee] 
36 di | 
40) 
3 
330 bee 
Pn 
3 10) 
= 
eo : = 
0204060800129 HO 100d 200 ZOO BC SOCTTELONY. 
Pressure, taper sq in Gage- 2000 kva, igh Pressure Copoctor oniensers with the same number of similar coils which differ slightly in 
Fra, 12—Flash-over voltage (60 cycles) of 2,000-kva. capacitor. 33 it has been customary to balance or equalize thowe tuned cireuits 
i , iti it immer or padder 
rather than wave length became common, the straight-line freq Neen er ee rnadineeabet te ane vale 


plate came into use and later the “‘mid-line” plate. There are @ 
possibilities such as straight-line percentage wave length and st 
ine percentage frequency, the Intter being of advantage in freq 
measurements. In any of the above shapes or classifications, 
movable plutes formerly were 0 shaped as to pve the desired freq 
or wave-length curve, This resulted in an ill-shaped plate difficul eat . * . 
balance or to hold to a desired setting. In some cases semicit is Po = Baualions - Mein tion) connie mn Me scan be 
rotating plates were used with the fixed plates cut away so as to ob fined Dy deters Be SD th ees in the overlapping plates, the distance 
the desired curve. In any of the special forms of plates the plate A ee ead oe Sy 
may vary. ‘The minimum and maximum eapacitances of the cond@Mlil ginem, cnc, NUNCENE Bist a eee of the shaded portion of 
piace ast deteaee Ses ee aes i geen BAR," ae distance between the plates 8 3206 — D. 
the condenser is intended for use-on high voltages, the spacing Ae general equation, the capacitance of the 
sepals pia must be sufficient to avoid a flashover or arcing Sereyey, 
P 


parcent. It ible to obtain two to four condensers called gang 
ndensers for receivers arranged with their shafts in, line an 
rated by one dial, matched to Onehalf of 1 per cent, The individual 
densers may be ‘separated from one another by metal shields if 


lates. It is customary to round off all sharp edges and corners in 5 ea(r,? — rat’ — 
condensers to avoid flashover. “ €= gosssiér (nt — rs) xB — 1) 
_ Condensers of the air typé are often fled with oi, which ine 4 HG = 
the voltage that they can stand and increases the capacitance from e és ‘ vi lates can be 
feo ninag depending ontttie dialects constantror thse Git ieed Birnie Tpximum capacitance of: condenser. with 17 plates 


ed by using a similar equation which may be written 
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¢ = 027801? = 13*)(N — 1) 
Se eet ee 


=n) 5 ¢ 
In the above equations C is in micromicrofarads and the dime 4 z 
Ty Tx & and ¢ in centimeters. ‘These equations neglect the eapac z < oe t 
through the solid insulation which is used in the condenser 4 2A 2 
fringing effect, the correction for which is in Art. 12, Many cond 5 + & z 
are made to have as small a minimum capacitance as possible, a as es 
large ratio of maximum to minimum capacitance, but this is of 32 ¢ ¢ 4 
ahaa as slight changes of capacitance due to warping of plats 22 nee @ 
wear in will cause a relatively large error at the lower end o 82 tite Gea 
seale but practically no noticeable effect at the maximum eapacits = ere eee 
ond of the scale. $ p tad eter pea 
A semicircular plate condenser gives a capacitance calibration ¢ 3 3 S403 
similar to C shown in Fig. 14. With the exception of the portions g Z t ee ae i ay 
sf ioaiae a Cae 
& fen is By a 
As 
As 
> ahora 
H ee 
H Bt 
£ 1 3 nm Hy 
rs le 3 
2 is “Ife il 
Blt oS é 
areal 
> =a 
So Sa-B |, 
et ‘ge ¢ 
Fro. 13.—Dimensions useful inde- Fig. 14,—Semicircular ot abs 2 [5 
termining condenser capacitance, denser characteristic. ° 1 
the ends of the curve, it is practically straight line. In practic Hy 
lower 10 and upper 5 or 10 deg. of a 180-deg. seale are not used, so 2 7 
avoid the curvature in the calibration curve in these regions. + a 3 
setting does not give zero capacitance. Fa a eae le = 
A curve for such a condenser used with a coil is shown at F in 4 rea le | 
The frequency changes very rapidly on the lower part of the s g tah E 
slight capacitance change would make a large frequency change. : ans g to 
fore, when using frequency meters having semicircular plate cond H ams eae 5 2s 
which constitute the main eapacitance of the circuit, the coils should i ets el =| £ 
designed as to give overlaps without resort to the low-capacitance en s = |g A 
ie scale. 32 4/8 
As the wave length 2 of a wavemeter circuit is proportional to -V/J ets ue : 
if L is assumed to be constant, \ < +/C and V/C is proportional to 23 25 z 
square root of the setting @. For a uniform wave-length condenser $7 03, a 
necessary to have C vary as the square of the setting ¢, or C « ot 12s So 
Again, it may be desirable that the percentage change in capaci o$2 6s 


for a given angle of rotation of the plates be the same for all parts 
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curve is 


r= V2Cae* re 


where C= capacitance when angle = 0 
@ = constant = percentage change of capacitance per 
division 
¢ = 2.71828 % 
n= radius of cutout portion to clear washers separating y: 
lates. 

The cannuath, and tables on page 119 have been compiled by Griff 
The four types of plates given are for equivalent condensers havi 
capacitance at zero setting of 36 zuf and a maximum of 500 Bel, 
plate area of 20 sq. em. 

The paper mentioned above gives the following data for the 
ifferent angles for the condensers mentioned in the table of equal 


Radius, centimeters 


erwin a 


croronmcogs 


26. Effect of Putting Odd-shaped Plate Condensers in Se: 
Parallel. If any of the above condensers are placed in parallel 


lation, after which the plate would become more nearly 

If » condenser is added in series, the caleulation of the plate shape is 
difficult. Griffiths’ gives complete equations for a number of 
combinations, the following table applying to the cases indicated 
maximum capacitance of variable condenser = 500 y»f, minimum 


1 Bur. Standards Cire. 74, p. 117. Bur. Standards Sci. Paper 235. 

? Gaiverras, W. H. lotes on the Laws of Variable Air Condensers, Exp. Wi 
and Wireless Eng., 3, 3-14, January, 1926, 

3 Grirriras, W. H. F., Further Notes on the Laws of Variable Air Condensers 
Wireless and Wireless Eng., 8, 743-755, December, 1926. 


seale as in the Kolster decremeter.' ‘The polar equation for the bout 


ie 1 


ee of variable condenser 
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36 upf, series fixed capacitance = 500uuf, 
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total plate area = 20 sq. em., r = radius of inactive semicircular area of 


moving plate = 1.2 cm, 


Radius, centimeters 


averse aquare law of eapacit 


Important Considerations in Design. 


‘ight-line capacitance with series fixed capacitance, 
ected square law of eapacitance with series fixed capacitance, 
\ee with sories fixed capneitance, 
Rs, exponential law of eapacitanes with series fixed capacitance, 


It is not difficult to find a 


27. 
large number of condensers on the market which will answer the needs 


‘ny condenser application in radio receiv 


The manufacture of 


fondensers for such use has been brought to a high state of development, 


oth electrically and mecha 


high 


ally. The design problems here are 
Ampler in that low power and low voltage are to be handled. 

nen condensers for radio transmitters are designed, pi 
fe made for handling high power and high voltage. ‘The use of very 
dio frequencies has added to the problem by requiring better 


rovision must 


Hsulating materials. Insulators which were satisfactory at low radio 
Pequencies have been found to heat up and be unsuited for frequencies 


as 30 to 100 Me and higher. 


The following classification shows how condensers for transmitting sets 


fould be divide 


Those subjected to I-f voltages only. 


with respect to the voltages to which they are subjected: 
ose subjected to steady d-c voltages only. 
te 


‘ose subjected to. aarp r-f voltages only (obsolete). 


Those subjected to stea 


ew r-f voltages only. 


ose subjected to modulated ew r-f voltages only. 

Those subjected to d-c voltages with superimposed r-f voltage. 

Those subjected to Lf voltage and superimposed r-f voltage. 

The last four of the above divisions could be further subdivided into those 
Zpiuse on frequencies up to about 3,000 ke, those for use on frequencies from 
abo 0 to about 25,000 ke, and those for use on frequencies of 30,000 ke and 

ve, 


The two latter classes require special construction. 
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the following data should be given: capacitance, current, freq 
nature of voltage to be applied. A knowledge of the maxim 
voltage and maximum current. permissible is important. A cond 
should never be operated at more than half the breakdown vol 
Tn the case of r-f voltages this fraction should be much smaller. 

28. Standards of Capacitance. Fixed condensers using the 
rade of miva or fixed-air condensers are used as capacitance stand 
for radio frequencies, For some work a variablo air condenser is 
as a standard. 


An important requirement of a standard condenser is that the capaci 
remain constant, the prerequisite of which is rigidity of construction, 
ig more difficult to secure in a variable than in a fixed condenser. 
should be no relative motion possible between the movable plates 
the pointer. There should be no stops against which the pointer or mo 

lates may strike and thus destroy the calibration. The manner of 
{ating the two sets of plates is of great importance, not only in fulfilli 
rigidity requirement, but in minimizing the power loss. An insulating n 
rial having a low temperature coefficient of expansion should be used, 80. 
the capacitance will not change perceptibly with temperature. As smi 
amount of solid insulating material as po 
should be employed, keeping i 
electric field. This field is quite intense ne 
¢: G high-potential post. All insulation shot 
avoided in the vicinity of that terminal if p 
factor is to be kept low. 


Rk £ 


Fro, 14a.—Equivalent 
circuit of air condenser. shield, which may be grounded during m 
ments if the capacitance is to remain constant. 
leads inside the condenser should be as short and direct as possible. 
resistance of lends, plates, and contacts should be kept to. the mi 
Flexible connection to the moving plates should not be used in a stand 
While it has beon customary and is permissibl 


neglect the small resistance and inductance found in variable air cond 


made for precision laboratory .work, yet, as the drequaney: is increased 


5 Me and higher, such omissions may result in considerable inacct 
the results. These small residual impedances,-when taken into ace 
give an valent cireuit for the variable air condenser! as shown in Fis 
where C is the static capacitance of the condenser, 7 the resistance 
the metal parts of thé condenser, L the inductance of the leads and conn 
of stacks of plates, and G the conductance or losses in the solid di 
parts of the condenser. The variations in these parameters with frequ 
and their effect upon the effective terminal capacitance for one typ 
laboratory condenser are treated in the paper. 

High-grade mica condensers can be pleved as standards after calib 
as to pacactengce and power factor over the range of frequencies at which 
are to be used, 


29. Methods of Measuring Capacitance. There are two 
methods of capacitance measurement: (1) absolute measurements ii 
of other electrical or physieal units; (2) comparison methods, wht 
condenser of unknown capacitance is compared with a known calibi 
condenser, The absolute methods are not carried out at radio frequen! 


1 Frevp, R. F., and D. B. Sivcuar, A Method for Determining the Residual Im 
id Resistance of « Variable Air Condenser at Radio Frequencies, Proc, J. 
24, 250-274, February, 1936. 


In ppeaving the rating of condensers for use in radio, transmitt 


The condenser should be provided with a m 


some measurements 
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pe one whic 
Tt should giv 
discharge rates, 

Ifit fills this requ 

at radio frequencies, 


Fra 15.—Measurement of condenser capacitance. 


A simple tuned circuit consisting of a coil and the condenser under 
test is arranged with a double-throw switch so that the standard con- 
x may be readily substituted. Resonance may be indicated by a 
Yensitive meter coupled to. the main coll by a few turns of wire. A 
erystal detector and 1-ma d-c meter make a very convenient indicating 
device. Power is supplied electromagnetically by a small yacuum tube 
Oscillator. ‘The measurement circuit is shown in Fig. 15. ‘The shielded 


fide of the condenser should be 
(ce + 


minded. It is essential that 
ie leads connecting the switch Ose 

Fic. 16,—Simple scheme for measuring 
capacitance. 


“Points to each condenser be of 
same length in each case as 
wise the cireuits will not 

have tho same amount of induct- i 

‘hee when one condenser is substituted for the other, which will result 

than orror in the calibration. ‘The coupling between the test circuit and 
Oscillators should be kept quite loose, which will be necessary if a 

fensitive resonance indicating instrument, is use ie 
If in the cireuit shown in Fig. 15 a fixed inductor is used, the calibration 
be made at various frequencies depending upon the capacitance for 
different condenser settings. A variable air condenser of suitable 
Sie could be connected across the coil at XX and used to keep the 
fMormnee frequency the same for any. setting of C..._ If such a cireuit 
Sarefully setup, no errors will result if the two circuits connected to C. 
C, are similar. _ The frequency at which the measurements are made 
fan be measured with a frequency meter. The frequency or frequency 
Mee over which a calibration is made should always be stated. f 
ike Tougher calibration work, the circuit shown in Fig, 16 may be used 
there Cis tuned both with and without Cin the eireuit. Tt should be 
d that the leads and switch connecting C, to the circuit will introduce 
“tors in the ealibration. 


124 THE RADIO ENGINEERING HANDBOOK 


A method? of precision calibration of variable air condensers at a sit 
frequency has been described in which the unknown condenser and 
standard condenser are alternately made a part of the oscillator furnish 
the power, The method also offers a very precise means of measu 
the change in capacitance with frequency of a mica condenser. 

80. Precautions in Measurement of Very Small Capacitances. 
difficult to get.agreement between different laboratories in the met 
ment of capacitances of the order of 15 or 20 pf or less. The reason 
this are several and include differences in methods of measurem 
different lengths of leads used, different sizes and spacing of 
stray capacitances to neighboring objects, and differences of a fe 
microfarads in the capacitance standards of the various laborato 
Hence it is not camaiial to find a disagreement as much as 30 per 
more in the measurement of a capacitance of the order of 10 wut. 


For measurements of small capacitances it is essential to keep all conn 
leads of minimum length and have them occupy definite positions, so 
corrections for their inductance and capacitance can be applied 
Apparatus not actually needed should be kept away from the m 
circuit. A standard having a finely graduated seale is essential for 
measurements. It should be capable of repeating its capacitance valu 
any given setting. Its capacitance curve should preferably be a straight) 
without any crooks in it, so that interpolations can be accurately m: 
calibrated points. § 


31. Methods of Measuring Condenser Resistance and Power F 
and Dielectric Constant of Insulating Materials at Radio Frequ 
Measurements of econdens' i 
and power factor of insulating 
terials are made in practically the 
manner as the sample of insulati 
terial is prepared so as to form @ 
denser. Methods of measw 
condenser resistance* and power 
of insulating materials* have been gi 
in publications of the Bureau of 
ards. ‘The American Society for’ 
ing Materials has one or more sta 
methods of testing electrical ii 
materials for power factor and di 
constant. 

The circuit shown in Fig. 
used for measurements o' 

wer factor, and dielectric co 
Assuming that. the power factor of a sample of insulating material 
be measured, the sample in sheot form is made into a condenser of 


Fra, 17-—Cirenit for measuring 
properties of insulators. 


1 Haut, B. L., and W. D. Gnoros, Precision Condenser Calibration at Rad 
quencies, Electronics, 7, 318-320, 1934. 

3 Radio Instruments and Measurements, Bur, Standards Cire. 74, pp. 

2 Methods of Measurement of Properties of Electrical Insulating Mate 
Standards Set. Paper 471. 

«Tentative Methods of Test, for Power Factor and Dielectric Constant of Bled 
Insulating Ma , designation D150-39T; Tentative Method of Test for 
Factor and Dielectric Constant of Natural Mica, designation D351-39T; Am 
Society for Testing Materials, 260 South Broad Street, Philadelphia, Pa. 


iBco. 51 CAPACITANCE 1240, 
between 100 and 1,000 ypf, as represented by C. (Fig. 17), ‘The 
mainder of the circuit consists of the coil L, thérmoelement 7, and 
Jouble-pole, double-throw switch S, in which resistors f@ may be inserted. 
he galvanometer G gives deflections which are proportional to the square 
ofthe current flowing in the cireuit L7'C.R, as electromagnetically induced 
from the r-f oscillator 0. 


‘Tho deflections of galvanometer @ are noted for several values of inserted 
yosistance / and for the case when # is a link of practically zero resistance. 


“Using the “zero resistance” deflection and the deflection for a known value r 


‘of resistance inserted in switch S, the resistance Jr of the total citeuit L7'CoR 
is given by 
r 

a 
Na ~? 
‘The average of the values of Rr calculated for various values of r should 
be taken as the resistance of the complete circuit. The resistance Rs of 
the circuit when Cs is substituted for Cx should be obtained in the same man- 
ner. The resistance Rx of the condenser C is then given by Rs = Rr. —~ Rs. 
Ttis essential for this measurement that the two parts of the circuit which are 

nged should be as nearly identical as possible. 

After the resistance R of the insulating material condenser is obtained, 
the power factor or phase difference ean be caleulated from the equations 
ven above. The dielectric constant K can be calculated from the equa- 
tion K = Ci/0.0885S, where C = capacitance of sample in micromicro- 
farads,¢ — thickness of sample in centimeters, and S = aren of smaller plato 

square centimeters. The capacitance is known, as given by Cs, and the 
‘fea of one plate and the, thickness of the sample can easily be measured. 
to {ig method described sbove operates satisfactorily at frequencies from 100 

AA bridge method is sometimes used for these measurements although the 
“pparatus is considerably more complicated than that described above. 


r= 


A comparative method for testing insulating materials at very high 
lio frequencies has been used by certain laboratories. In this method 
insulating material sample is placed in an intense electric field pro- 
‘thieod by n 30-megacycle transmitter and the temperature rise in the 
“imple ineasured for a definite time interval. While such results have 
a definitely tied up with power factor, dielectric constant, 

“a "represent in a very practical manner a means for deter 
big the suitability of different types of materials for use at very high 

fio frequencies. An insulator which is entirely satisfactory at lower 


“Bie frequencies such as 1,000 or 2,000 ke may prove to be unusable at 


30 mogacyeles. Hence data on power factor and diclectrie con- 


the it are meaningless without a statement of the frequency at which 
data were obtained. 


dyer’ of the German technical periodieals' have reported the pro~ 
mation of improved ceramic insulators in Germany. One type. of 
tial is claimed to have extremely low power loss at very high fre- 

is. Another type of material having moderate power loss possesses 

high values of dielectric constant which can be made to have values 
tana Calan, Zwei, neue hochwertize Isolierstoffe der Hochfrequenstechnik, 


(aMtenstechnik und Elektro-lustik, 43, 33, 34, January, 1934; Hanprex, H., Nevo 
fequenz-Isolierstole, Hochfrequenstechnik und Blektroakustik, 43, 73-78, March, 
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as high as 100. ‘The latter material would appear to have advant 
condenser manufacture for use at ultrahigh frequencies where very 
parts and extremely short connections are required, These ma 
five several names snd differ in their properties. Tho names 
Calit, Ultra-Calit, Calan, Ultra-Calan, Frequentit, Frequenta, Cone 
and Condensa C. The last two materials have the high diclectrie 
stants, and the ones with the prefix “ Ultra” have very low losses a 
intended for u-h-f work. 
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1, Transient and Steady-state Currents. 


interval, 


"2. Symbols Used in Transient 
sions given in Arts. 3, 4, and 5, the following symbols will be used: 


ie) 


SECTION 6 


COMBINED CIRCUITS OF L, C, AND R 
By W. F. Lanrerman,! B.S. 


When a voltage is suddenly 
to a circuit, the current assumes a transient state for a brief 

then gradually settles down to a steady-state condition which 
ains until the voltage is interrupted or changed, Relations for 
ing transient and steady-state currents in LCR circuits are given 


in the following paragraphs. 


TRANSIENT CURRENTS IN LCR CIRCUITS 
ressions. In the transient expres- 


Inductance 


Resistanee in obras. 
Time constants in second; time in seconds for ourrent or voltage to reach 1/e 


or approximately 33 per cent of its initial value if decreasing; or Qa - ). 


or approximately 67 per cent of its final valuo if increasing. 
Instantaneous current in amperes at time f, 

Instantaneous voltage in volts at tima.t, 

Ti seconds after starting. 

iy-state dc. in amperes. 

Maximum value of a-c voltage in volts, 
Steady-state d-c voltage in volts. 
Condenser cbarge in coulombs, 

A-c impedance in ohms. 


~ Ves (x ~ Zh) tor tk circuit. 


= VR + GD} for LR circuit, 
pst is 
= Vae+ (2) for RC eireuit. 


Frequency of applied a.c. in cycles per second. 
‘Augular velocity of applied a.0. in radians per second = Qxf. 
Natural frequency of oscillatory eireuit LOR in eyeles per second. 
Natural angular velocity of oscillatory cirouit LOR in radians per nce, = 2xf;. 
Energy in joules dissipated in R during transient state. 

‘ergy in joules stored by or lost by L during transient state, 
ergy in joules stored by or lost by C during transient state, 


E 
E 
En 
Phase angle of a-c voltage at ¢ = 0, i.¢., when the ewitch is closed, 
Phase angle of impedance as defined for each case. 

2.718 (base of natural logarithms). 

(Defined in Art. 5a). 


RC Circuit Transients. 


. The following formulas for i in RC circuits are not true for 
'y small values of ¢, For very small t, the L of the circuit, no 
nal Broadcasting Co., Inc,, Chicago, TM, 
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matter how small, limits 4, and the relations of Art. 5 for LCR ci b. LR Carrying Steady Direct Current I Suddenly Interrupted. 
must be applied, ’ This is especially important for short pulses or 
frequencies, where small values of ¢ are involved. 


a. D-c Voltage V Suddenly Applied to Deenergized RC. 


Steady current I = Jp 


Rt Rt 


i eee t 
.Yen-w tape ale D 
* ba Re Re t zB . 
s Ua ar Sages ve aR see Soc tie 3 
alee 6 
vs al Wa = We =3CV 3 E Wr, = ghl* = 5L7R 
1 Foo. 9. fort = *. 
Fra. 1. =30V Time —> 
for fully charged C (t = ®). Time Pro. 10, 
2 ae <g, Acc Voltage ¢ Suddenly Applied to Deenergized LR. 
b. © Charged to Voltage V and Suddenly Naot hg ap har Applied voltage «= elu (ot + » 
‘ I ess = 
ze c im ene x ’ pag Naame TtSD t 
T =RC £ ra at § 
ek 1 1@? 1 5 —zsn-ee Ef ates 
We =3CV* =3 = 30V 6 e at 3 
Fia. 8. for complete discharge of C(t = ~). Fic. 11. ¢ =tan? (2) 1 
Fie. 12. 


5. LCR Circuit Transients. a, D-c Voltage V Suddenly Applied to Deener~ 


c. A-c Voltage ¢ Suddenly Applied to Deenergized RC. 
* pized LCR. 


Applied voltage ¢ = E sin (ut + @) 


“ ; : t General Solution: 
s ct Fein to-@ =f 5 Peel: 
2 nee f= gem —™) = ars a sinh 
SM aig SaeeO og R ae el VE Soa 
Fro. 6. 7 008 0 ~ $Y GRC 9 e-g 8 =N"-1e~ Vii 


$ = cot™! (RC) aq There, aro three special eases, depending upon the ratio Fo, 13. 


Fic, 6, 


Rt 1 E 
6 & u Circuit Transients. a. D-c Voltage V Suddenly Applied to Case 1. Aperiodic current, when a? = 773 > Ter (Bis real.) 
oi L 


a 

ov TB, Raed) { | t= Re RO - 

rad fe } é builds up to a maximum at 
V: R E 

3 o| JA ioe, 8 
res W, = 4b = 3 t= (doe 8 00. 
; Reta Times then slowly decays to zero. 
Fie. 14. 


fag Underscored terms represent steady-state currents; remaining term or terms aro 
transients, 


ulerscored terms represent steady-state currents; remaining term or terms 
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Case II. Critical damping, when a? = — Case 11. Critical damping, when a* = R*/4L* = 1/LC. (8 = 0.) 


a 
a ! 
5 faye b Ge =F sin wot +0 — 4) 2 
5 . 6 6 £ 
8 ¢ builds up to a maximum att = 1/asec., thi 3 Time—= 
ays to zero. _ +4[ (at — 1) sin (0 — 6) — 745 c08 @ — @) few ui 
Time—> 
Fie, 15. Fro, 19. 
Case IIT, Oscillatory current, when at <a @ is imagi Case 111, Oseillatory current, when a? = R#/4L2 <1/LC. (8 is imagi- 


nary.) 
oe 

t= Tye 2h sin wit 
I 


oO = Vi7G — 2 = 2h 


i =F ain wt +0 - 6) - Heail in (0 — 4) cosa 


Ti 


Current = 


+ psp 008 0 — 9) sin ent 


{ 
; Time— 
3 
| 


Fre. 16. — gE sin @ — 9) sin ait | 


i builds up to i = i if " 
som dodeatng Seam” At ~ 1/0 eo then onan with ama 


For approximations 


Fie. 20. 


STEADY-STATE CURRENTS IN LCR CIRCUITS 


6. Impedance Relations. Steady-state currents are calculated by an 
expression similar to Ohm’s law, 


E 
I=% qa) 


Where I and E are vectors representing r-m-s values of current in amperes 
4nd voltage in volts. The impedance Z (expressed in ohms) is the vector 
fm of the a-c resistance 2 and the reactance X, 


5, A-e Voltage ¢ Suddenly Applied to Deenergized LCR. 
=; Applied voltage e = E sin (wt + 6) 
s . L ‘There are three special cases, depending upon the ratio 


3 ze Z=R+5X (2) 
* haa ‘The factor j is an operator to indicate that X is 90 deg, out of phase with 
Case I. Aperiodic current, when a? = RIALS > 1 10. = ‘The magnitude of Z is |Z| = /R? - X%, and its phase angle with & 
is real. 
Tia. 17. 


x R 
= tan“! * = cos 3 
it = Zin @t +0 -4) Pry eens 2 


7. Values of the Reactance X of Coils and Condensers. ‘The X or 
jistance component of impedance is due to inductance or capacitance. 
the reactance is a coil having an inductance of L henrys, 


Xz = wh = 2nfL ohms 
Ww 


Where wo = Qf and f = frequeney in eycles per second; if it is a condenser 
fapacitance C farads, X¢ = —1/C ohms; if it is composed of both 


and ¢, X = (ot = x) ohms. Capacitance always has negative 


L(a — B) sin (9 — ¢) 


— Gp eos (@ — @) Jewan 


=~ Current — 


E1 
- 2b [r@ +8) sin (6 — 9) 


= cos @ = 6) Jews Fie. 18. 


*Underscored ter 


ms represent stead; 3 remainii 
ee eae p steady-state currents; remaining term or terms 


2 Underscored terms represent steady-state currents; remaining term or terms are 
the a 
transients, 
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may be written 


Z=R+i(ol- 3) 


always has positive reactance. ‘Thus 


6) 


1 


+s 
“hike + Xs*) + RoR + Xi*) + j[Xi(Ro* + Xs") + Xo(Ri* + X1")] 


Za 
* i 9X1) + 
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2, Impedances Z, and Z, in parallel: 
(Ri + 5X1) (Rs + 7X2) 


(Ra + 5X3) 


(Ri + Ra)? + (Xr + Xa)* 


Focmiler Ar2Ath abe ben Ln tares AS 
Zo" Dy? Det Lytvvt Bin 
SRA IRGARG* on tf hy %y Kye) *E “ppgecnmsenCivints Ry (RB ANB) +R (RPOXG) 45 (Xs RE XB) Xo RG XF)] 
Circuit Phose Angle [Magnitude f Zo | Aloebrarc Formula: Zo (CRy+ Re)? + (Xp+XeP* 
ia) 6 
é 10 - 
ial ‘ = 5/2 ohms (Cin mfels) 
Pecan 2a Zo" RoI, i ie eretze es 
"2B ft fi {oh Mol VICE Circuit] Phase Angle [Magnitude of Zo] _Algebrate Formulae 
Faguency F 
Resistonce and |~ oath PX 90 RX, Xe tiR) 
Taductonce ole Ptan ee = ie Zo exe 
in Series eee rarity D RY, 
7 OF Frequeney i, (2b eee 
iz a Zo=R-jXe “ 0 peters 2 
ro Fi r X, 
= /20/=VRFERE = Xi a 
Resistance and Ae 90F + |z,-RteMoyR) 
Copocitence inten ae + raat 
in Series ob. Zo) 
fo Zoya le 
JX) /to/- Be 
ae 
L /2ol*IXa-Xef r 
Low a = OwhenXy2 Xe 
tr = ton"b0+(Xy-Xe) 
Inductance end ! ~Owhen Xi =Xe 
Copacitance t ol Mi 790% when X,>Xe 
in Series tm Frequency =+90"s when Xp*Xe 
a) - ae ate 
Zz K Zo=RAi(Xp-Xe) 
be Spas 120] VRE XP 
R ci 4 =RwhenXpXe 
[Resistance Inductance) ~ 1 Xp-Xe Zor 
nw capaci H CL a ly ae RX Xc 
in Series Gd 9 Frequency | ~owtenX Xe Zo/= ir 2 
Equivalent impedances of series combinations of L, C, and R. i -R when XoXo sf 
1 
8. Equivalent or Total Impedance. Any network of impe 


t 
A ae ‘0 Frequency 


Equivalent impedances of parallel combinations of L, C, and R. 


can be reduced to an equivalent impedance of the form Z = R E 
8 the following formulas: 
1, Impedances Z; and Zs in series: 


is expression, while somewhat involved, is geen still to be of the form 
Dat + t= = (Re tak) (eta) +X. ‘Charts showing impedance relations for some common 


Rs) + j(Xi +/X2) 


7 circults are shown on these pages. 
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3. Impedances in network. By applying the foregoing 
in a step-by-step process, any network Deheetector single 
Jent impedance, ‘Thus, in Fig. 21, 


Q yolt-amperes. _ VA 
™ watts dissipated ~ Wa 
h Q varies with frequency, it is nearly constant over narrow 
Zp Esk ‘of frequency, and its use therefore renders ¢ computations 
Gu= 7 Gi Ga = 22 + Zu hat simpler when losses have to be considered. Table T gives 
id Serna Yepresentative values of Q which may be expected from ordinary 
Fio.21—Net- 9nd finally, foils and condensers, 
work with 


fo~ 


—| N’ V. ror Various Cons AND 
branch imped- Bae Zi(Zs + Zu) Taste 1.—Rerresentative ARE SEE Q 
anoet. Bi + tat ln 


Jn a complex network, however, the number of terms will be 
the computations will be laborious, 


y 


Ry REX ED + Re RE 1X) + jy REAXE) 4X REARGY 
(RyARP + KX 


no : 
Ker st ohms (Cin mfds) 
= PREM EM Xe)+R'Xe] Q 
RN -Xel® = cycles 
Rx i band bank 
Col XV Bese eF a olla 
a z . 5 
casa ta ada ‘wound lite coil with iron ca hee 
Xe OeXe) +BY Fame with ceramic stator| ‘rransmnitter coll, aig" in,| *" 
RXe insulation: diam. apd, in. long, 1 
| 2Owhen Xz *Xeand R is small Li ie ‘4 in. copper 680 
unit I coil ‘Transmitt 
Zon ARB) AcA-XeB) ‘diameter and 134 i 
OO Rit RPM XP A(RECKE 4 long, 12 turns of No, 10 ae 
Vi aAe B BRAKE iron 7 Receiver ‘il, 1 in, dain 
(fol CR eRe ek 5 er and 36 ine 
NUR Je ere Re Rent nre 10. Loss Due to Inserting Series or Shunt Impedance in Audio 
Gireuits, In audio circuits, attenuation-frequency characteristics are 
6» fon? MeAKed purposely modified by the insertion of corrective impedances 
RyAtReB 4s equalizers, ‘tone controls,” and scratch filters. The following 
50 when X,*Xcand Ry,and Re are small iulas give the insertion losses in such cases: 
1, inserti hunt impedance Z. 
Equivalent impedances of parallel combinations of L, C, and R. ig. 33", Srapedance: The loss due to inserting a shunt impod 


9. Q of LCR Circuits. Every coil or condenser has some 


L ~ 20 loge (1 + eo) ab 6) 
losses, which at a given frequency may be represented as an equi Bah, +B 


R in series with the reactance Xz or ‘The ratios Te at, Nig een inten 
pedan ally be located at a point in the circuit 
ob Ah Ques? suk a bare the ‘bedanees Z, and Zs are matched, and where {ach is ubstantially 

a ene aba sere 0 7 BPW resistance through the range ‘of frequencies i ; 


define Q, which is a figure of merit for the coil or condenser. Asa 


Frans, C. J., Electronics, p. 126, April, 1935. 
expression for Q in any circuit, we have 
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(ZZ. + Rol is {,, coo, I 
E = 20 logis P57 db = 20 logio 1 + “Se® + a5 db 
where K = |Z.|/Ro and @ is the phase angle of Z, For various val 
K and ¢ the loss can be read from the curve (Fig. 23). 
x x i ae 
y % % 
Zz Zs 3%, Zp 
(a)-Circuit Applied (b)-Shi )~Seris 
Natfage, Impedance Spe See 
of Source, Zand 
Load Impedance, 


Fig. 22.—Shunt and series impedances inserted in audio-frequency cit 


2. Series Impedance. ‘The loss in decibels due to inserting a series it 
ance Z, (Fig. 22a and c) is 


Zi 2:42, 
L = 20 logie Cas *) av 


SS2 = 


Sst tit 
a 


OF OF Saf O81 2S 6 BK 20 30. GH0KO 
Loss, db 


Fic. 23.—Transmission loss due to insertion of shunt or series imy 
‘The series impedance can usually be inserted at a point in the circuit 
the impedances Z; and Zs are matched and where each is substantially & 
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through the range of frequencies involved. Then, letting 
Ro, the loss is 


2) 
L = 20 10g. [2 t4 ab 


= 20 logio VI + 2K cos ¢ + K? db (9a) 


<< |2.\/Re and ¢ is the phase angle of Z. ‘The loss ean bo read 
aa Zot Lil cious Yalues ot XC and ¢ 
SERIES RESONANCE : 
| Definition. A series cireuit containing LCR, such as that in 
Paap Ss tertee resonant when the fine current Ty is in phase with the 
Tine voltage Eo. 


Fic. 24.—Series circuit and vector representing it- 


12. Conditions for Series Resonance. The equivalent impedance of 
Aserics circuit is, by Eq. (4), Zo = R + j(Xz— Xe). The total voltage 
drop in the circuit is Eo = L{R + (Xz — Xc)!. Resonance occurs when 

z= Xc. At resonance the total reactance is Xz, — Xc = 0, and the 
current is In = Eo/R. ; 

There is only one frequency at which 

1 = Xc; this gives the formula for 
Fesonant frequency: 


+ 


1 
el er (0) 
fem ia 
Where f, is the resonant, frequency in 
f¥eles per second, L is in henrys, C 
firads. ‘The manner in which the re- 
Aelances vary with frequency isshown in 
aa MiG. 25.—Series circuit react- 
. Properties of a Series Resonant anee 
it. Tperss resonant cireuit has % 4 
the following properties at resonance: (1) the current is maximum; 
{2) the impedance is minimum; (3) the current is in phase with the 
Pressed voltage; (4) the current is limited only by the total resistance, 
Which is usually equal to the coil resistance; (5) if the coil resistanc 
only resistance in the circuit, the voltage drop across the coil is 
ter than the impressed voltage; and (6) the voltage drop aeross the 
denser exceeds the impressed voltage if Xo is greater than R. 
tems 5 and 6 are of importance in practice because such high voltages 


H#BY develop across @ and L as to endanger their insulation, unless this 
Provided for in their design. 
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14. Impedance of Series Resonant Circuits. At resoni 
impedance is R, the total series resistance of the circuit, At any 
frequency, fi, there is also a redctanee component 


ape 
ed if) 
‘ a hh \2| = the absolute impedance at any frequency f 
i i , = 2m X resonance frequency, fr 

and the total impedance is 4 a ri Scany, other frequency, 7; 

n = wi/or = fi/fewhenfir < frjorn = w/o = fr/frwhenfi > fr 

Q, = wrb/R = Q at resonance, 
Tho phase angle of Z: is 


(15) 


h=R+ jt(25-#) 
"The magnitude of Zy is x, 


i = Ve +e GRY és tant Ff = tan a(n - i) (16) 


O10 pee i 
0.08 
0.06 


ani 
1 
z 

2 

2 


S SERB — nuand 
$s 
i 


© eee 


is 

e205 ——~ 
T 
i 
| 


 Phose Angle, degrees 


wt fe 
3] 


ye 


» —. 


ooo Lt 0.002! oleh 8 regative when nl 
O1 0304050607 08. 0.9 10 095 0.98 C1: tartiner frees bee PT 4 = 
neh /fp or be/b neh [for fp Or OR Gs OF Ob as TA 095 0 
Fio, 26.—Design chart for sories resonant circuit, a teh So eae 
Fio, 27.—Phase angles in terms of n and Q, series circuits. 
=, Circuit Constants Table. A table of LC products and other co tan-t| Q(n —2 
frequently used in ealeulations of resonant circuits and coil and eon bash mae | oper 
reactances is given in Sec, 1, . Y 


15. Series Resonance Curves—Z) and }. ‘The following useful Ping Eq. (14), the universal resonance curves of Fig. 26 were plotted 
tions for series resonant circuits are derived from Eq, (13): Hag™S Of |Zi|/orL, Q, and n, Similar curves for @ in terms of Q and 
Ne given in Fig. 27. In these curves the ratio n is to be taken as 
tint S/fe or f/f, whichever gives n <1. From these unjversal 
*s complete information about impedance and phase angle of a 
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series resonant circuit can be read directly when the constants 
and Q or & are known. 

16, Desea of Series Resonant Circuit. To design a series 
circuit, we have to determine values of L, C, and R to meet a gir 
of conditions, The given conditions must include values for 
items: (1) resonance frequency, (2) impedance at resonance, 
impedance at some other frequency; otherwise there is no unique d 


Example. Assume, for example, that a series resonant circuit 
an impedance of 100 ohms at a resonance frequency of 1,000 cycles, 
impedance of 500 ohms at 900 cycles, Then w, = 2xf- = 6,280. At 
nance, ie, forn = 1, |Zi'| = R = 100, and at 900 cycles, n = 0.9, [Zi] 


h 
Then, substituting in Eq. (15), we have 


Aaa N08 
= 5280 VOSI + 1.835 — 
By reference to the LC table, Sec. 1, page 9, we find that at f, = 
LG = 2.533 X 107%, from which C = LC/L = 0.0687 x 10~* farad, 
we have R = 100 ohms, L = 0.369 henry, and C = 0.0087  107* fi 
the constants of the circuit. Also, 


L = 0.369 Henry 


and from this information we can select from Figs. 
for Q = 23) the curves giving impedance and 
above and below resonance 


17. Use of Series Resonant Circuit for Breqvensy. Regilatieas 
8. At 


application of a series resonant circuit is shown in F 
the excitation voltages applied to the grids are the reactance drops 


Teansmission 


Tine Frequency 
Fa. Fra. 29.—Series resonant 

series resonance ¢ equalizer. 

for frequency roguls= 

tion, 


and 1X, ‘The tubes are biased to the cutoff point so that rectifi 
takes place. As long as the frequency of the applied voltage 
f = 1/2r-/LC, the excitation voltages and therefore the plate 
rents of the two tubes will be equal, but if the frequency varies, the 
age drop across one reactance will increase and that acrossthe 
will decrease, causing the plate current of one tube to exceed the 
This difference in plate currents may be read on a meter to indicate 
frequency of applied voltage, or it may be utilized through a differ 
relay to operate an automatic frequency controlling device. 

17a. Series Resonant Circuits as Equalizers. Series resonant cil 
are often used as equalizers where it is required to eliminate or atten! 
a certain frequency ora small band cf frequencies. The resonant 
with a variable resistance in series is connected in shunt across the 
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ninals of the circuit to be equalized, and more or less readily 
ff-passes currents of the resonant and adjacent frequencies, depending 
pon the adjustment of (see Fig. 20). : 

18. Scratch Filters. A series resonant circuit is the simplest form of 
‘geratch-and-hiss filter for eleetrie phonographs or cathon microphones. 
“Tho resonance frequency is usually about 4,500 eycles; a typical filter 

shown in Fig. 30 with its loss versus frequency characteristic. A low- 

filter with 5,000-cyele cutoff is much better for the purpose, however 
Art. 65). 
Pp 


0 
9 7 
2p. ee % a 
Re 
L=HOnmilitenries Zp=30000bms — Jo 


€*0.0075 mtd. Z,=3000chms 
2300 obmms including cil resistonce 


“NBL Icj=ae 


Py titi Fo 
300 Od 000 7] Ro 
Frequency, cycles 
Fis. 30.—Transmission characteristic of scratch 
filter used with magnetic phonograph pickup. 


Fic, 31,—Parallel res- 
onanee. 


19. Tone Control. A series circuit resonant at about 1,000 cycles is 
*ometimes used as tone control in an a-f amplifier. It may have a 
ible resistance and be connected in shunt in a grid or plate cireui 
‘ifinay be shunted across part of a volume control. Such a tone control 

to compensate automatically for the frequency characteristic of 
‘The car, which varies with sound volume. 


PARALLEL RESONANCE 
,,29: Definition. A parallel circuit containing L in one branch and C 
M the other (Fig. 31) is parallel resonant when the line current Ip is in 
with the finevvolbags Ee. In this conse. there're two rocstantes 
considered. Rx, is the resistance in the coil branch, and Re the 
stance in the ¢ondenser branch, The latter is usually small and often 
Miligible as compared to Rr. ea 
Some textbooks parallel resonance is defined as the condition of 
tun Iy (or maximum Zo, which is the same thing). On this basis 
Alightiy different resonance frequency is obtained, depending upon 
futher L, C, or f is varied. For practical purposes, however, the 
erence is small enough to be neglected, and the results may be con- 
ered us being essentially identical, especially in view of the fact that 
MMT all tuned circuits roguire af least one variable renotence by whieh 
ing adjustments may be made on actual test. i 
Conditions for Parallel Resonance. ‘The equivalent impedance 
Parallel cireuit of Fig. 31 is 


Ko*) + Ro(Iex? + X1*) +AXi(Ro? + Xct) — Xo(ki? + X13) 
a (iz + Be)? + (Xt — Xe)? 


(17) 
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\bsolute Value of Impedance in General Parallel Circuit, with Negli- 
where a ie sghle Resistance in Capacity Branch, In this ease fe 0, and from Eq. (7), 
ree : 
FC Xu? — geeal 
df ‘Rit + (Xt — Xe)? G5) 


In will be in phase with Ey when the j term equals zero, 


Xp = XHRet + Xe?) — Xe(Ru? + Xx*) 
: (Rr + Re)? + (Xt — Xc)* 


‘Phe absolute magnitude of Zo is 
XeVRit + Xe 


This condition exists if 


1. (Gare If Re is small compared with Xz, 
or i ST EGNL = Roe. XiXe 


Pay 7 1 
[2 eee aE en 
29, Approximate Formulas for Resonance Frequency When. ae S Sipe Oi Re ote OM 
fic Are Small or Equal. If the resistance Ze is negligible, Eq. (Mf Atrewnance X1, = Xe (Rr and Re being assumed negligible), and 
ecomes 
: oe : 
1Zo} “RC (28) 


“The equivalent impedance of a low-resistance parallel circuit is therefore 
PFuearly a pure resistance at the resonant frequeney and has the value 
TRC, approximately. 
2. Parallel Resonance Curves—Z» and. ‘Tho following useful relations 
Parallel resonant circuits (where Ho is considered negligible) are derived 
. (26); 


| 


which is the same as the resonant frequency of a series cireuit [ 
Eq. (10)]. 


23. Special Case Where Ri = Ke = +/L/C. In this case Eq. 


reduces to 
is = the absolute impedance at any frequen¢y fi 
und the circuit is resonant at all frequencies with constant impedance » = 2x X resonance frequency 
to R. This special cuse is not so useful as might be expected, = 2y X any frequency 
since L/C is usually large (on the order of 10°) and & must therefore n= w/in 
large for any normil application. d Q: = arb /R = Q at resonance. 


~ 10 or larger, this is approximately 
24, Properties of Parallel Resonant Circuits. 

quency a parallel circuit has the following properties: (1) the line 

is essentially 2 minimum; (2) the impedance presented to the 

essentially & maximum; (8) the line current is in phase with th 

voltage; and (4) the current circulating in the parallel circuit 

* usually much larger than the line eurrent (the circulating 
Q times line current). 


25. Absolute Value of Impedance at Resonance in Parallel Ri 
Circuit. Letting o = 1/./LC in Eq. (17) gives for the impedance 
parallel circuit at resonance 


31) 


Eq. (30) it ean be shown that |Zo| = 1.414 VL7C when fi = 0.707/.. 
' © the L/C ratio of a parallel resonant cireuit may be expressed as a 
~ (RiRe + XcXc) +5(ReXt — RiXe) on of its impedance at 70.7 per cent of resonance frequency, or vice 
et Rr + Re a The , this fact is useful in some design applications. 

Tatio of |Zo| at fi = 0.707f, to |Zo| at resonance is 
‘The absolute value of this impedance is 


\zol * gi We Fw ReRi)* 
ae Re, + Rey 


Zo 


{Zol at hr 


144. 
[Zo at fe bd 


Q 
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Fi. 32.—Parallel resonance curves. 
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& 1 o—™ 
1) 
60] | % ey 
1 
Es 2, 
pa at 7 | 
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Zn Lf | 
£ [si 
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o 60; au 
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Birger a 08 ct rc it) WS Lt RD BB 
. a=t/i, 
Fic. 33.—Phase angle of parallel LC circuit in terms of n and @, 
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‘Sec. 6) 
‘The phase angle of Zo is 
$= tant [= nods tnt 1)| (88) 
gnd for Q = 10 or larger is approximately 
@ = tan [—nQ.(n? — 1)] (34) 


(29), the set of resonance curves of Fig. 32 has been plotted in 
fe and x. Similar curves for } in terms of n and @ are 
From these universal curves a complete resonance curve 
characteristic can be plotted when the constants w,, L, and 
a, 


28. Design of Parallel Resonant Circuits. To design a parallel 
fiant circuit, we have to determine values of L, C, kez, and Re to 
‘satisfy 2 given set of conditions. Values of |Zol at resonance, the reso- 
nance frequency, and @ will first have to be determined by analysis of the 
intended use of the resonant circuit. 
Tha yacuum-tube oscillator, forexample, f, of the tuned circuit isknown, 
Z| at resonance is fixed by the permissible plate voltage swing. 
(which includes the effect of the external load coupled to the tuned 
it, as well as the latter’s ohmic resistance) a value of from 12 to 20 
sents a good compromise between oscillator efficiency and frequency 
lity. 
Another example of the factors involved in the choice of Q in an appli- 
is that of a tuned circuit for an r-f amplifier to pass a modulated 
In this case the LC circuit must have sufficient decrement to 
amp out its own natural oscillations between successive peaks of modu- 
j otherwise there is an effective decrease in modulation percentage 
8 corresponding loss of fidelity. If the carrier frequency is fe and 
the modulation frequency fa, the maximum decrement of the modulated 
carrier at 100 per cent modulation is approximately 


1 
5, = 2.303 loge 35) 
: a ( = za) : 
7 


~ Aecroment 42 of the tuned circuit should be 10 to 20 times as large 
for faithful response, ‘Then @ for the tuned circuit is 


Q 


eae 
Be 


Value of |Zo| at resonance will depend upon plate-load impedance 

juirements of the amplifier tube. 

jy solne cases the ratio of volt-amperes circulating in LC to watts 
Pated is the basis for the design of an LC circuit; in this case 


(36) 


volt-amperes 
0: atte dissipated (37) 


Bi efect of any load soupled.to.a tuned cfrouit must be taken into 
tas part of the total effective R of the eireuit, If the power taken 
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by the load is We watts and Jo is the circulating current in LOR, 
total equivalent impedance of the circuit is, approximately, 


where Ao is the ohmic resistance. 


horney of Design of Parallel Resonant Circuit, Assume that ps 
circuit (Fig. 31) is to be resonant at 5,000 cycles, with an impedance of 
ohms at resonance (n = 1) and an impedance of 100 ohins at 3, 

(n = 0.6). From Fig. 32, |Zo\/w = 0.9 for all values of Q when n 


At resonance |Z|/al is to be 2 x09 = 36, From the o 


is found that Q = 36 gives |Zo\/w = 36 at n =1 whore w = 3f 
‘Then for n = 1, 


4,000 ¥ 

Zo = 36w,-L = 4,000, or L = 30x 16 = 0.00354 henry +3 

LC for 5,000 cycles = 10.136 X10". ‘Then C = LC/L = 0.286 18 
farad, and & = /L/Q = 3.08 ohms. s 
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LC for 1,000 ke = 2.53 X 1071" 


ia consists of the ohmic resistance of LCR plus the equivalent R of the 
oupled load, as computed by Eq. (38). 


Co Co Vani 
Coil Variable 
Dist =P Condenser Wale 


Thnx, R.F. Frequency, ke. 
(a)-R-F Circuit €,=0se. Tir : Fra. 35,—Closeness of tracking secured by formulas, 
Cp*0se.Paddi ‘ 29. Design of Oscillator Tracking Circuits. In superheterodyne 
C3=Dist Cop.of Osc. Coit rivers with “ganged” condenser tuning, the most common method 
(b)-Oscillator Circuit Footing: the, oscilla or-taned giroult ata arustent beaneniy gis 
- 4 alia ate om the r-f cireuits is by means of a gang condenser with identica 
Fic, 34.—Oscillator circuits for superheterodyne. e mn, and with an adjustable. ya cliny ‘Condenser in series with the 
As a second example suppose there is to be designed a tuned cireuit ae aaa a ae eae cheat of Hs ype aba 


r-f amplifier which requires a plate-load impedance of 10,000 ohms an 


ig to amplify a 1,000-ke carrier with amplitude modulation up to 5,000 ¢3 will Sive perfect alignment at more than three points on the dial 
5) These points are usually chosen near the ends 

of the frequency range—in a broadcast receiver, for 
1,000, and 600 ke, Slight tracking errors will exist 
ies in the band; these will be approximately pro- 
The maximum errors are at the 
id amount to about 2 ke for a good design with an 


Ke 


From Eq. (3! 


1 
51 = 2,303 logio ——-——— = 0.0150 le, at 1,400, 
1 - Ao tf ther frequer 
onal M 
Let 62 = 20 6) = 0.318 Mf the band ‘an 
@ =F = 985 al [from Eq. (31)] 5 ke, 
to = ol _ 10,000 _ y ors mental methods. 
@ ~ 9.85 al 
pa Gl 101 _ 69 4 men, 


the middie 


frequency used. 


The Values of C1, Cs, and C; may be determined by calculation or by 
Hither method involves a considerable amount of 
‘The following design procedure, due to Roder,' is probably the most 


Hans, Oscillator Padding, Radio Engineering, March, 1935, p. 7. 
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direct method of solution (six-place logarithms or a éaleulating macl 
recommended for all calculations): z Stop 2. 
Step 1, Known constants: 
a ee frequencies of perfect alignment (= f,). (Usually 1,40 
Susan obeatete eens ot) ae im sia, * i 
b. Ref cireuit inductance (= L). : 
¢. R-f circuit trimmer capacity (= Cy). (Including distributed 1,400 1,575 0.0195865 
of rf coil.) 1000 1A75 . 020109110 
d. Intermediate frequency (= 2; 600 W5 | 0, 0047424 
¢. Distributed capacity of oscillator coil (= Cs). | 


n to yield: Values of Ci, Ca, and Lose. 

Units: All constants are measured in the following units: 
frequency in kilocycles. 

= inductance in microhenries, 

C = capacitance in micromicrofarads. 


Step 2. Compute 
= 258.3 X10" fot 

Skanes and = 953.3 C108 
for each alignment frequency. 
Step 8. Compute « 

=wteB-mA, y_ wh - ws 
B-A hs BA 
where 
and 

Step 4. Compute 


K = @ — X)(m — ¥) = (#2 — X)(y2 — Y) = (es — X) a = 


(The truth of these identities is a check on the accuracy of the cal 
thus far.) 


Step 5. Compute 
mala —» 
K 
where 


v = 0.5u — 0.3125u + 0.2188u* 
and 


yw AY 
Kk 
Step 6. Compute 
C=C) —X = Ba + 0.750 + 0.6250% + 0.54703) 
and 


Nin 


Step 7. Compute Low, = mL 


Example: ° 
Step 1. Let 
fr, = 1,400 ke DL = 200uh 
ty =1,000ke = Go = 30 put 
fy, = G00ke "Cy = 15 uut 
fi= 175 ke. 


A = 140.0126; B = 27,3531, 
X = —5.1103; 


¥ = 0.1138 x 107%, 


Stop 4. K = 1.2863, 
Slep 5. u = 5.3097; v = 2.5700 x 107%; m = 0.7574. 
Slop 6. Ci = 20.17 uf; C2 = 1451.5 put. 


Lowe, = 151.50 microhenries, 


8, Tapped Tank Ciruits, Tn some eases the high impedance, of a 

Hid! LCR circuit at resonanes is a disadvantage, e-g., at the end ofa 
impodance transmission line where the correct termination is about 
fins. However, the low impedance can bé obtdined by tapping 
IEG circuit in either the Lon branch as shown in Fig. 36.. "The 
Bit ie n coupled circuit, that part of the reactance between B and C 
Veing the mutual impedance, 


1. Capacity Tapped. 


Vbror(areeen) toe ee 
ea aM" at CREE 


ihe 


In Fig. 36a, the impedance at B-C is 


\Znel (39) 
A A 
f 7 
J iC: Log 
Me ICs 2 
Gel nore, | MOB zs 5 ce 
Milits ratio to the impedance Zacis L”2 RG —- BR, oe Ly 
Sa Ce (a) (6) 
wreos ay) é 
i+ Cy = Capacity Tapped Inductance Tapped 
Tho resonant frequency is Fic, 36,—Tapped tank ciréuits, 
fe =, eee (42) 
aerfics +e 


tl 


Th he impedances Zac and Zao are both purely resistive at resonance. 
" ratio of C1 to C2 for a given ratio between Zac and Zac is 


on Zac 
e+ (vis -1) «as 


In 
terms of the resonant frequency, inductance, and the impedance ratio, 


(44) 
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Cy 


1 
anper(1 - vl 


2. Inductance Tapped. 


Libs Le ~ Raly 
Tita + Ea Careers 


[Zaol = V (me = 


If Ry and Rs are small, 


i 
CR + (Li + Ls) 
and its ratio to the total impedance Zuc is 
. Zao) Ts? 


[Zacl ~ Cr + Ea? 
‘The resonant frequency is 


and the impedances Zac and Zzc are both resistive at resonance. 
The ratio of Z; to Ls for a given ratio between Zac and Zac is 


Dr 4 [eae 
Th et 


In terms of the frequency, capacity, and the impedance ratio, 


z(t - V3) . 


In Fig. 36b the inductance is tapped, an 
impedance at B-C is (assuming no mutual inductance between L and 
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‘see. ¢) 
"and Pis varied a few volts above and below the setting at which oseillation 
Reourred and the values of plate current noted, ‘The values of @ and B 
fire, of course, unchanged uring this latter adjustment. ‘The slope of 
the ep — i, curve through the value of en where oscillation occurred is the 
nogative resistance and is numerically equal to the impedance |2s| 
[tL and C are known, # can be computed from Bq, (28): 


|Zol = i 
or 
eo 
R= Fe 


‘This also suggests the use of the above circuit for measuring r-f resistance, 
by inserting an unknown resistance in series in the LC circuit and meas- 
luting its impedance before and after the insertion is made. By a similar 

cess, capacity or inductance may also be measured. ‘The method as 
outlined is limited by tube characteristics to impedances of about 10,000 
ohms and over. 


COUPLED CIRCUITS 
82. Coupling. If two circuits have one or more common impedances, 
they are said to be electrically coupled. A common impedance is any 
impedance so situated that it causes the current in one circuit to influence 
current in the other. The impedance may be resistive, reactive, or 


3, Coefficient of Coupling. ‘The coefficient of coupling is 
ee 3 
© ARAN 
Where X,, is anyone component of the mutual impedance (resistance, 


fipacitive reactance or inductive reactance) and X, and X; are the total 
Mpedance components of the same kind in the respective circuits. 


(53) 


1 0 
ia = ayONZe 


81. Measurement of Parallel Resonance Impedance. A con’ 
method of experimentally determining the resonance impedance 
parallel circuit is shown in Fig, 37. 


Varies in value between zero and 1; if it is nearly, 1, the coupling is 
or tight; if near zero, the coupling is loose. 
44. Direct and Indirect Coupling. If the common impedance is a 


tance, inductance, or capacitance connected directly between the 


the circuit to be measured. ‘This mé Rm en 
based on the fact that the circuit just Ry Ly fy Ly Ry 0 Say a] 
mences to oscillate when the “negative = og A VRE ova 
ance” of the tube characteristic is numel G R, =RitRm G Ly @ Lith 
equal to the impedance of the LC plate cl i f= Ret Rim oI} Li =LitLm 
Pega Te Nea ETSI im a 88.—Direot resistive coupling. Fro. 89.—Direet inductive eoupling, 


volts and C about 25 volts. The pot 
eters @ and P control the grid bias and 
voltages, respectively. ‘The latter sho! 
between 60 and 80 volts for the B v 
mentioned. A. receiver or other indi 
deviee is loosely coupled to LC to de 

point where oscillation starts, @ and P are adjusted until the circuit 
the verge of oscillation. Then LC is short-circuited by closing the 


Ay’ gfiteuits, the coupling is direct. Such circuits are shown in Figs. 
e2% and 40, If the common impedance is a transformer, the coupling 


for 
im- 


Fro. 
measuring 


37.—Cirouit 
resonant 
pedanee of parallel eirenit. 


Coupled Circuits: Indirect Inductive 


Canes) 


Mivivatony impedance: 


ho = i 


. 
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juivalent direct-coupled _ cireuit: 
\ inductive coupling is equivalent to direst] 
Hi fh tive coupling if ? 
YL) \ Lr = In — 9 
= 3 | ii = Ly — M 
net ae where Ly’ and Za’ are the self-inductane 
Circuit Resonance Curve coils : 
L 

anv fo Vie 

f NY h-— 

Oe VLC: 


Special cases 
G, Both circuits tuned to suine frequency (fa = fo). 


fo 
Aho-— 
1" VIF 

b, Loose coupling (fa = fo; Mo << La’ and Ly 


vi 


A 


¢. Close voupling (fa = fo; M > > Lr’ and Li’; k= 1). 
1 
Qe V2MC1 


4 s 
de VL NC 


ae VIL 


awe; 


is indirect and is waaay called merely inductive coupl 
of coupling is Asean in Fig. 41. 
illustrated in Fi 


R 


ly 
ao — 


Fro, 40,—Direct enpacitive coupling. 


coupling. 


From Figs. 38 to 40 it is apparent that direct-coupled circuits m 


considered as networks of impedances in series and parallel, as in 


ing. This 


Tndireet capacitive couphi 


a 41.—Indirect indi 
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e notion of “ Kenge impedance” (Art. 7) is a useful concept 
the treatment of such circuits, In the present treatment of coupled 
circuits the equivalent impedance is determined by combining the various 

ance elements of the circuits according to the laws of parallel 
ane combination as discussed in Eqs, (5), (6), and (7). 


Fra. 43.—E quiva- 
lent impedance of 
direct-coupled circuits. 


42.—Indirect capacitive 
coupling. 


‘The equivalent impedance of the network of Fig. 43 is 
Lindos 
tom tit 7 TF, 

= Fibm + Ube + hinder 


Za + 2s (54) 


Inductive or Transformer with Resistance 


Coupled Circuit: 
Equivalent Impedance: 


Ton Ry +iXe— (m+ 50) 


ay omy 
hero [221] = Ret + XB 


i 
LY 
RS Ls 
sf 
OF 
Sec Current 


igen 3 
X, = wy a hy a 
X: mold - Circuit Current Curve 


able, and oth circuits tuned to the same frequency, the current in the 
with Af as shown in the figure. 
We maximum seoondary eurrent Ovcurs Ne 


oM = VER: 


Coupled Circuits: Direct Capacitive 


=a) + aoa (ot 


“3) 


ea 
bby Genoral case: Li, Ls, Ct, Cz and Co unrestricted. 
i AVA [fat + fit — Vat = fF ARP 
tea] A PIN. Ao NEE 
“Weg! Freeney, oY fe eC 
Circuit Resonance Curve 
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where fo = 
aaa 
re __CiCs 
GF CONFE 
Special cases: 
1, Both circuits tuned to same frequency (fs = /.). 


fi =fVI-k f= fVvIFk 
6. Loose coupling (fa = foand Ca >> Ci and Cr; 


Coofficient of coupling: 


¢, Close coupling (fa = found On << Ci and Cs; & é 1). 


Site O and fate V3 fate —V2_ 5, __V3_ 


2eVIiCn eV Iam 


d, Both oirouits identical, 


jee 
Cy = Cy 


* Oe Vit 


Cor 
2 Vbige, +Cn 


Coupled Circuits: Indirect Capacitive 
Equivalent impedance: 


f= i wks — 


Frequency General case: Li, La, 
Circuit Resonance Curve 


Ca, Cy Ce 
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Srecitl Si careuits tuned to same frequency (fa = fi). 


f= feVT—& f= foVTFE 
p, Looe coupling (Ca + Ci) < <Ceand Cu; k #7 OiSa = See 


he 


P esa on 

Tne Be VAG 

‘¢ Close coupling (fe = fi); (Ca + Cr) > > Ceand Ca; kee 1. 
hao 


fitz V2 fo 


1 1 


d, Both circuits identical. 
| fi zh, 
A= la 
C= Cs 
h 


1 
Hee Sa ees 
“ae VIC + 20) 


2 VANE 


153 


Equivalent impedance: 


ante 3s) + (ot 


= %-7— 


20 =) Circuit 
1 1 


VGA FL 
Soufficient of coupling ke 


Vie + Tm) 


* Both cirenits tuned to tho same frequency (fe = fi) 
fe may * 

Wek vi 

4, Loose coupling (fo = fs; Lm < <li and La; k 2z 0). 


A= 


peas Ce 1 
WS ie TT BV 
© Close coupling (fe = fo; La > > - and La; k 2 1). 


2x VEC 


Current 


General case: Li, La, Le ut 
Lim 
Ne = C2 
2s VoRR 


” be Vila + LayCs 


Frequency 
Resonance Curve 
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4, Both cireuits identical, en 
j &zh 
<= Le 
C= Cs (87a) 


1 
1" VG ae 


1 
eV 
Le 


ke 


35. Use of Resistanceless Circuits in Calculations. Each imp 
in Eq. (54) is in general of the form Ry + 7X», so that the exp 
becomes somewhat involved if an exact solution ismade. In many. 
applications, however, coupled circuits are also sharply tuned, 


tantamount to saying that their resistances are small compared ¥ §! 
reactances. For such cases computations are much simplified { H H 
undue sacrifice of accuracy if the circuits are assumed to be resist ¢ 1G é 

36. Stray Coupling. Because of the apparent increase in 2 | BS A 
of a eireuit when another circuit is coupled to it, spurious and i IZA O.& 
tional coupling due to stray fields and the proximity of other app 00 430 Bi 300 
may appreciably affect the resistance of r-f cireuits and introduce u (0)-Copacitive Coupling ¢b)-Inductive Coupling —_(c)~Combined Coupling 
essary losses unless precautions are taken to avoid it. Stray effe vas OeLeiCun pled GF eatin as tutnd gna Blea 


dlue principally to capacity coupling and stray inductive coupling. 
former varies with the areas of conductors and a-c voltages im = > 
and inversely with the distances between the conductors, while the MMM Beprsentative values of Mand Cy for f. = OU i ae ae 
varies with ampere-turns, the diameter of the heavy current path it i Ry AN 7 L as he ny» ft : 

circuit, and inversely with the distance between the circuit and ee neesnts of broade: 

conductors in which induced currents flow. 


SOME SPECIAL APPLICATIONS OF LCR CIRCUITS 


87. Band s R-f Circuits. If two identical tuned cii ts 
capacitatively or inductively coupled (upper part Fig. 44a and 6) 
circuit acts as a band-pass filter with a band width approximately 


fieh hi, VSB 


M = 3.2 X 107¢ henry 


The inductive coupling M must 
ive a0 that its effect will be 

tive to that of Cy. ‘This mas 

trtined by winding the coi 
‘The band width varios with the tuning, inereasing with the frequeMlll May 3t),01 {0 wires sido by eos 

the inductive case, and decreasing with the frequeney in the ea (Of tho coils to Cy and Cy and . ar Ls 

ive case (lower parts 44a and b). These opposing effects “finish” onds to Cm. 7% Rectifier and Ripple Filter 
combined in the manner shown in Fig. 44c, so that the band - Fic. 45.—Resistance-capacity _ filter 

tintained substantially constant while the cireuits are tuned usage. 
wide range of frequency by adjustment of C; and Cs. . 


Uchling! has shown that this condition obtains when 
Xu, = £VRF + LYS 


here R, is the resistance and ZL the total inductance of each branch 

the band width. With X» computed for the two boundary frequ 
fo and fr of the tuning range, the values of M and Cm required are gi 
§ Electronics. . 279, September, 1930. 
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od! A et ee Cecompliog Lethe tack tele Se Acirouit for obtaining currents 90 deg. out of phase with each other is 


o ; in Fig. 48. 
impedanee paths back to the eathodes for the signal currents # ify utilize these currents, non-reactive loads Ry, and Re are introduced, 
aie Oi esls Shit th values such that Rrftc = L/C and Ry, = Re. 
Impedance resistors Rectifiers 
chokes in the leads to the) 122 me! Ro 


4 z 
7 "2 
04 aol iy be Reeprex os%s0* values for these resistor RG 
Fic. 46.—CR circuit for obtaining out-of- chokes depends _ pring LF 
phase voltages, upon the currents in the: Bebwenlke Above 

SSPARERER AP A nS Taicca + enctd the Dermissible d-e Pen Aer arginine 

rop in eae! er. he impedance of each ass condenser shoul Fic. 49.— ee eee pact: : 
not more than 10 per cent of that of the associated resistor or choke, / Fig. 49.—Frequeney discriminator cireuit and curve. 
frequency for which the amplifier is designed to operate. On the 40. Frequency Discriminator Circuit. The frequency discriminator 
hand, the value of C should not be so large in any filter that “bloe ireuit shown in Fig. 49 is applied in automatic frequency control, fre- 


or motorboating occurs due to too high a time constant. queney-modulation detection, and frequency-drift indicators, ete, LiC; 

The impedance of a choke coil (neglecting its resistance) is and L,C, are tuned to the same frequency and doubly coupled: (1) directly 
at B and (2) inductively by M. After 

X1, = 6.28/L ohms, Retification, a bias E is obtained which, Gc 

between limits C and D, is proportional to 

difference between the frequency of 

pa ae input voltage and the resonance fre- 

fay 5) ts feney of LC. The time constant of RuCo 


and that of a condenser is 


Xe 


: mba 3 id be much less than the period of one 
where requency in cycles per secon of the frequency variation in the in- as 
£ inductance in henrys Bitvoltage. + %, & 


C = capacity in microfarads. Compensation in Resistance- Fic. 50.—Compensated_re- 

‘The value of each cathode resistor, when separate biasing resist Soupled Amplifier. In a ventional _sistance-coupled amplifier. 

used, is equal to the bias required, divided by the total cathode d Psistance-coupled amplifier (Fig. 50) the 

ion falls off at low frequencies because of increasing impedance 

4 C. and at high frequencies because of the shunting effect of stray 

itance C,. In wide-band amplifiers, the compensating impedances 
RC, areadded. For approximately constant gain between frequency 
nits f, (low) and fs (high), 


1 Rt 
Ri ==> Le=-> 
a Tefs 68) 
Fic. 47.—LC circuit for obtaining |. 48.—Circuit for obtaining C= oR Ry = 2k, 
, out-of-phase voltages. rents out of phase by 90 d AR, 
that tube. The sereen-grid filter resistors serve as voltage-dropiilgg limity 7°01 sees also tends to correct for phase shift near the 


resistors as well as filters, and their values are determined by the JR 
ftaet leds Co Niel ec ean ‘oftngoe and Coe Me RECURRENT NETWORKS 
. Circuits for Obtaining Out-of-phase es and Current . G : say 
sircuits producing voltages 90 or 180 deg. out of phase are sho “hc an Types. piaaeTeR Be noorks aS iterative combinations 
figs. 46 and 47 with their vector diagrams. ‘These are often use raspelbepee = hone ooh cat Re OT 
NEF NR A peek etl UR a singular manner and introduce both useful and detrimental 
Ve ee ecigit i ea sui Mion Roped betaine i -f and a-f circuits. Examples of recurrent networks are trans- 


e; and és, m lines (actual and artificial) and wave filters, 
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‘ my ‘, Ze and Ze are the input impedances with the far end open- and short~ 
43. Terminating Conditions for No Reflection and Maximum B whore vd, reapoctively. 2: 
Transfer. If a recurrent network is terminated at the nth section i ihe propagation constant is 

impedance’ equal to its image impedance, there is no reflection at A s = fe 

termination, and the network behaves as though it had an infinite mu P= VR + jol)\G + jel) = A +5B (62) 
of sections, In #0 far-a8 its input terminals are concerned. B.JaG, and C being the resistance, inductance, leakanee, and eapacitance per 


anit longth, of the line, ; 
MAltenvation Constant. ‘The real part (A) of P is the attenuation constant 


and is 
h en Eee 

Op C2 os™ = 6.141 V(R? + wh) GE Fw?) + RG — wiLC db per unit length 

it q (63) 


(W)-Goratned Recrrent (Oe isiteame (See Seno Ware-length Constant, The quadrature part (2) of P is tho wave-length 
TBP constant and is 


Fic. 51.—Types of infinitely long recurrent network structures 


: . A eet B= 0.707 VRE +o) G + wil) — RG + LC radians per unit length 
A long line so isolates its terminating impedances (the souree and (64) 
impedances) that the apparent value of each as measured from the 0 3 BU bs 
site end of the line is very nearly equal to the line impedance and ‘The velocity of propagation is 
tically independent of the terminations. Consequently, to obt On) 
maximum transfer of power from source to line and from line to lo B 7 f- wnit lengths per second (65) 
source and load impedances must equal the characteristic imped: Th . 
fue the line, or be matched to the li be wave length is ‘ 
£ transformers whose turns ratio = = uni 
g 233 Cae equal to the square root of the NS ogee ) 
‘ of termination and line imped ‘Tho retardation time is 
A line terminated in its charaet 
impedance at both ends also fw mm pets poe unit leapt (67) 
Tate refl ah irc ies t @ anf 
nals, and in general a line thus Input Im ine Tormi te Far Ei Z 
ated has the fowest otal rama Hat7./"aput apace ot thetine ev Imenanee 2 
lors. haracteristie impedance of the line 
In a structure having lumped: minating impedance at the far end 
stants, and terminated at one of its series elements, the series imp Tho i 9 = propagation factor. i i 
in each end section is one-half the value of the series impedance input impedance of a line go terminated is 
internal sections (Fig. 51). If the termination is at a shunt elem 2_ cosh 6+ Ze sinh @ 
the shunt impedance at each end is made twice the shunt imp a= al F coh et Fenn | (68) 
in b internal sections. i A PI lla 
‘ransmission Lines. ‘Transmission lines are recurrent struct Tho propagati. i 
having continuously distributed impedances. ‘Two wires in space preeanieirenee eur (e0) 
besides their ohmie resistance, shunt capacity and series inductance Whore) = tongth 
are thus equivalent to the recur structure of Fig. 52, where # Ey, P = propagation constant per unit length, 
and R are the constants of a very short length (Al) of the line and @ Rona communication field, transmission lines may be classified according 


nductance due to leakage between the wires in the same length. {requencies they are used to transmit, as audio- or radio-frequency lines. 
oo) ge iB fatplified forms of the general transmission line formulas result, from the 


45. General Properties of a Transmission Line. The characteristic Nction of approximations appropriate to esch case. 
ance is £. Audio-frequency Lines. In open-wire lines and large-gage cables, 
Negligible, so that 


or 


i ma «4 = 6.14-V aC /R? + wtL* — wLC db per unit length —_(70) 
or B= 0.707 oC VR? + ol? + w*LC radians per unit length (71) 


Zo = V Zubin ohms 
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‘See. 6) 
lly connected in shunt across the receiving end of the line, preceding 
other apparatus, 


In small-gage cables, both L and G become negligibly small, and 


A =, 15.394/fRC db per unit length 


and 
B = 1.772-/fRC radians per unit length 15 oF Ee alized Une ED 
2 7 382 
g T 
° 4 A=Losst ° 
i “| im aavii 
8.\° 1 
£ EAE Fer 500 ohm Line. +t 
: ¢ | LER L¥a006 henry (275 tien 
e Sat honeycomb coil): 
5 4 ‘R C= O/?5ufa. 
3 237. RO» 1000 ohms 
H | eeeaier Lu 
£9 is | TT i, gare 
ee ao W000 3000600 tH }pstossit 
9 i 
5 0200 400 600 1000 t000 4000" 6000 


Frequency, cycles 
Fia. 55,—Attenuation equalizer for short cable circuits, 


48, Artificial Lines. An artificial line is a compact network of lumped 
pedances to simulate the electrical characteristics of an actual line. 
th a network having approximately the characteristics of an unloaded 
n-wire circuit may be constructed as 
56 and is useful in laboratory meas- 
Mrements and investigations, 
The constants 2, and Cy are the loop resistance 
capacity of the full length of the line to be rep- 
Tented. For standard eable 2, = 88 ohms and f 
©. = 0.05tuf per loop mile; values for various 
fiber lines are given in Table if. Asthesimilarity 
Ween the artificial and the actual line increases 
With the number of sections in the former, it is 
1000 ferable to use at least ten sections, and not more 
Frequency, cycles in I mile of cable or 10 miles of open wire should be represented by one 
54.—Attonuation-frequongy characteristic of equalizer shunted he end sections should be “‘mid-series” terminated—z.e., their 
a 500-ohm circuit. npedances should be one-half that of the internal sections. 
49. RC Filter for Small Currents. An economical RC filter for small 
Murtents as suggested by Scott! is shown in Fig. An especial feature 
is the shunting circuit through Ra to 
feed voltage 189 deg. out of phase 
to the point X. This can be ad- 
justed to give a very high attenu- 
aioe at me perigee Prec usney 
which it is desired to eliminate. As 
ian ter for small currents. shown, this filter is low 
izh-pass structure can be made by transposing the 2’: 
Resistance Pads. Resistance pads are arti 
‘nd shunt elements are pure resistances and are used principally 


F 
Scor, HH, Hlecronice, August, 1930, 


n 


tar S00 ohn Line? 
L>0006 henry (275 turn 
Corl) 
*01%Smld. RO 40 100 ohms 
Line 


Fro. 56.—Artificial 
non-loaded able, 


Fro. 


Tn both cases the attention is seen to vary, with frequency. 
transmission-loss frequency characteristics of various kinds of a-f el 
are shown in, Fig. 58, and other characteristics of typical audio 
are shown in Table II, 

47. Equalization of Transmission-loss Characteristic. 


From 


in Fi r the bare line, 
alone, and the equalized line ‘are shown in Fig. 55. ‘The eq 
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B 
Radians. 


per mile | per second 


0,1222 
0,198 


A 
db 


0.85 | 0.0356 
0.73 | 0.0975 


1.005 


31,700 | 1.72 


aide 
Miles per 
es | “second 


64.5 | 64,500 


DY 
Mil 
31.7 | 


Z 
| 10.4 0.00304 | 0.8 0.0078 | 739 | 177 | 170,000 


iums| 
B31 
462 
610 | 


c 


MMi 
farads ; 


| 


N-LOADED AUDIO-FREQUENCY CrecuITS 


0.87 | 0.062 
1.75 | 0,073 


. ¢ 


L 

Ohms | Henrys |, mbos, 
0.001 
0.001 


(Per loop mile at 1,000 cycles) 


R 
$3.2 
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‘Taste II.—Cuaracreristics or N 


‘Type of circuit 


No. 10 open-wire NL......2. 


ale 
ba 
4\3 
a) 
AG 
alz 


iz 
3 
3 
Pa 
R 
3 
& 


as attenuators in a-f cireuits. The amg 
of loss caused by insertion’ of a pad: 
circuit may be accurately computed ; 
is independent of frequency if the ter 
ing impedances are resistances. 

either » or T structures may be us 
pads, as shown in Fig, 58a. Both are 
trically equivalent, but for identical val 
of loss and impedance one type may ra 
resistors of more convenient values th 
other. A pad which is to be used in 
cuit that is balanced to ground should b 
the balanced + or T type; otherwise 

balanced network is satisfactory | 
requires several less resistors to build, 

61, Pad Design. ‘To design a pad, 
constants must be known: the input; 
output impedances and the loss in decibi 
The input and output impedances of a 
are usually made equal to those of th 
cuit to be connected to it. The de 
procedure depends upon whether th 
equal or are different from each other. 


1. Equal Input and Output Im 
In this case, the value of each clemen 
found by multiplying tho proper consti 
selected from Table IIL in connection: 

ig. 58a, by the value of the input or oul 
impedance Z in ohms. 

Example: To design a 10-db, 500/500 
ya of ‘Table 
0) 
a/2 . 
required’ resistances are 0.2597 X 60 

5 for the series elements and 0.702% 
500 = 351.35 ohins for the shunt elements 
Unequal dng and Output Impeda 

In this case, the design involves more com 
tation, The value of each element. isi 
cated by Fig. 58), the constants of whieh 
to be found in Table IIL. ‘The ratio of 
to output impedance (or vice versa) 
pad of given loss is limited by the fact! 
fee large values of the impedance ratio! 
tain of the pad resistors would have 
negative in value if the loss of the pad 
to be below a certain minimum value. 
maximum impedance ratio which @ 
pad can have, for example, is 3.018, St 
in another way, this means that, if the iia 
ance ratio of a pad is to be 3. 
must be at least 10 db. The ma 
impedance ratios for various values 0! 
losses are also given in Table III. The 
the same for both w and T pads. 
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ea 1 
26 o 
z Zz 
ay ee 
a 
wa 
26 
Balanced Tt Pad Unbalanced 1 Pad 
Z gZ 
2 2 a a 
kas 6 BARC AS b &Z 


epee eae 


Balanced T (or H) Pad Unbalanced T Pad 


Z= Input Impedance =Output Impedance 
Fie, 58a.— Equivalent balanced and unbalanced pads. 


NAA 
2 


yma 
ZyBNGqly 
MM 2j%gA xi 


ZBNGZ, 


VEA,A 
ry 
Balanced 7 Pad Unbalanced 71 Pad 
42] $f Wa 2 Vite 2, Vila 
ele aj ze 4 CA ja! 
AWWW 
4, i a ee ee 
A 


Balanced T (or H)Pad Unbalanced T Pad 
Ta. 58b.—Pads to be used between unequal impedances. 
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Tasis I1.— 


INSTANTS FOR Paps or Fic. 58 


AY 


BS 
Et 


Z 
oe 
B55 


SF 
2283 
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BE 
2 


Bee 
geese 
Sa Benee | 
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§ 


Ey 
Ss 
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BSEEE 
22852 
S558 
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2528, 


in 
: 
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5 


A 


Sess sesss 


B 
Ey 


85 
See S59 Bien Monee pene 
88 22 


8 


BERG Mae. eee peeeE eee 
i 


BRS Boop wows arms 
_ "BE 88 


3 


ene 288 


3 


B28 
32 


Ss 


BES88 ute zisw ---ce cocce a: 


on 


2 
ES 


. 
1 


a 
1 
Pat 


Maximum ratio 3! or 72 
Example: To design a 20-db 500/200-ohm pad of the unbalanced 

4% = 500 ohms, 
From Table ITI, A = 4.9522 and B = 5.0! 


Zs = 200 ohms 


Input shunt element = 9-9 = 713 ohms 


2B — V2 
Series element = /2Z:A = 1,567 ohms 


Output shunt element = 


62, Characteristic Impedance of R-f Line. At high frequenc! 
and G usually become negligible as compared with «! 
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see. 6! 
ivly. ‘The characteristic impedance of si line at radio frequencies is 


B= v5 ohms (74) 


‘whore I: and C are in henrys and farads per unit length. 


4, Special Case: Line of Two Parallel Wires. In terms of the dimensions 
of the line 
2s 
Zo = 277 log 7 ohms (75) 


{or parallel wire, where # is the spacing from center to center of the wires and 
HER iiameter, both being measured in the same units. Equation (74) is 
based on the assumption that s is at least ten times d and that the height of 


a? Co eal be 
if | . } 
a cae 
| iS oe eerie 
10: au aA Ps —t 
2 | wets 
=") Sat - 
“rE 
Z=277 log, 
= 1 
wmlZil [ i 


| 
. ¢ 0 nt # & 8 
Spocing, inches 


Characteristic impedance of open-wire r-f transmission line. 


Zp = 138.5 logis ** ohms (76) 


tie r. is the inside radius of the outer tube, and r is the outside radius of 
Tepater conductor. For a line whose outer and inner conductors are 
tively 34 and 34 in. in diameter, Z» = 65 ohms. 
nipother Properties of R-F Lines. 
locity, of propagation is 


. 186,000 miles per second (77) 
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Wave-length constant is 


B = wV1iCi radians per unit length 
= 756-000 ™dlians per mile 
Wave length is 
ae 1 f 
~ SLs * Fut it lenathe 
186,000 


he, miles 


800,000,000 


= moters. 
ie 


Retardation time is 
t = VLiC% see, per unit length 
= 5.30 X 10°" see. per mile 


Attenuation constant is 


! db per unit length 


A = 4.34684) 


For parallel wires this becomes 


A = SOISTE ty por unit length 


log 7 


where R = loop resistance per unit length 
# = spacing of wires, center to center 


d = diameter of each wire, s and d being measured in the same 


For coaxial conductors, the attenuation is 
__ 0.0314 


loge 2! 
PRR 
B19 


A db per unit length 


where 2 = loop resistance (sum of the resistance of the two conductors) 


r. = radius of outer tube 


m = radius of inner conductor, ro and ri being measured in the 


units. 


54, Input Impedance of Line Terminated in Impedance Z, al 


“ ‘ At high frequencit 
attenuation constant A of a line approaches zero, and the propi 


Far End. Special Cuses for Radio Frequencies. 


constant is nearly equal to the wave-length constant B, 
P = jB 5 joVL6 
and from Eq. (69) 
0 = IP = lB = jul/LC 
Then Eq. (68) becomes 


lz cos 1B + jZo sin 1B 


2 |Z 008 1B 4-72. ain 1B 


| ohms 
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This input impedance has certain interesting and useful values when the 
h of the line is a multiple of a quarter- or half-wave length. 

Lines Quarter-wavs Length Long. Tn this ease 

x 

ru 


Pas 
‘Then (90) reduces to 


2r © 
B=, and iB = 35 


% = 2 ohms (91) 


Owing to this property quarter-wave lines are made use of as impedance- 
matching transformers, If, for example, a line whose characteristic 
impedance is Z; is to be connected to an 
‘antenna system whose input impedance is 
a quarter-wave line having character. 
fic impedance Zo = V/Zi4: is inserted. 
Since Z; = Z., the impedance facing the 
line is 4,Z;/Z, = Z, ohms, and the 
impedance facing the antenna is Z = 
Wifs/Z, = Zs ohms, which results in a per- 
feet impedance match at each junction. 
Quarter-wave Line Short-cireuited at Far 
End. In this case, Z, = 0, and Z = =. } 
Such a line is thus antiresonant at the radio tine 
uency corresponding to four times its Fre. 60.—Use of quarter- 
h and is often used in antenna systems Wave short-alxgulted line 
pass low-frequency current around ‘© by-pass a aibat’ nothing 
© r-f impedances, for melting sleet. 
ich & use is illustrated in 60. 
uarter-wave Line Open-cireuited at the ; 
Par End, Tn this case Z, = ©,and Z = 0. Such aine thus has practi- 
fally no impedance at the r.f. which corresponds to four times its length. 
uif-wave Line Terminated in Impedance Z at Far End, Were, t = /2 
=. Consequently Hq. (90) becomes 


impedance of the system. 


(92) 
tl 


i hus the input impedance of a half-wave line is equal to the termination 
Mpedance at its far end and is independent of the characteristic imped- 
Aheo of the line. 
inex Whose Lengths Are Integral Multiples of Quarter- or Half-wave 
Such lines can be shown to have the same properties as quarter- 
wave lines, due to the periodicity of the sine and cosine functions 
|. (90), 
Termination Impedances at Radio Frequencies. At r.f. proper 
nation of lines is even more important than at a.f., since reflection 
ting from mismatched impedances at the junctions produces stand- 
HE wave which in turn cause radiation along the line and a decrease in 
ions "°Y; , Impedance irregularities in a line also tend to set up reflec- 
band bands in the line should therefore be gradual, with a minimum 


tilts of about one-fourth wave length. For the same reason the line 
Of wut be Kept free (at least one-fourth wave length) from large masses 
nducting or dielectric materials, 
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66. Efficiency of Lines at Radio Frequencies. In a properly 
structed and terminated line the power losses are practically all 
the inherent ohmic resistance of the line, and the efficiency 
fairly high, For ordinary designs, the efficiency is approximately 


(100 — 22) per cent 


where J is the length of the line in wave lengths. 

57. Tapered Lines as Impedance Transformers. A gradual sm 
change with length in the inductance and capacity of a line causes 
characteristic impedance to vary along the line and can be sh 
introduce no reflections, Consequently a section of line with va 
spacing or diameter of the wires 1s, like the quarter-wave-length lin 
useful impedance matching transformer, the dimensions being so eh 
that the end impedances of the line equal their respective termings 
impedances, 


WAVE FILTERS 


68. Wave filters are 1orms of artificial lines, such as those of 
and ¢, purposely designed to transmit efficiently current in a desired b 
of frequencies and more or less completely to suppress all other 
quencies, The boundary frequencies between transmission bands 
attenuation bands are called cutoff frequencies. 

The following brief discussion of wave-filter design is intended to 
as a guide to the design of simple filters for u: 
are not very severe. For complete information concerning the d 


of filters to meet more exacting specifications, the refercnees listed inf 


iography at the end of this se should be consulted. 

ters are divided into four classes, according to the frequency b 
which they are intended to transmit, viz., low pass, high pass, U 
pass, and band elimination. 

69. Losses in Filters, and Effects of Dissipation. ‘The clemen 
ideal wave filters are always pure reactances; practically, however, 
dissipation must always be tolerated owing to the resistance of coils 
condensers, but this is made as small as possible by employing hi 
elements. 


‘The terminating impedances of a filter are usually resistances equal 


value to the image impedances of the filter.- Then the loss within 
transmitted bands (except near the cutoff frequency) is mainly du 
dissipation in the elements and is usually small. In the vicinity of 
and the point of maximum attenuation, the total insertion loss of a 
involves the reflection and interaction losses as well 
The loss elsewhere in the attenuated bands i: 
of the attenuation constants of the various sections, minus a gail 
approximately 6 db which is due to reflections resulting from impeds 
mismatches occurring in these regions. Methods for the exact 
tion of filter losses are beyond the scope of this handbook but are ava 
in the published works of Zobel, Johnson, and Shea. 

60. Pe Basic Filter Section. The ba: 
L section, consi: s element Z, and a shunt element Z 
shown at L in Fig. 61. The relation of such a section to an infinite lit 
also indicated. in a wave filter, where the number of sections is finite’ 
small instead of infinite, symmetrical sections are used. ‘These are 


where the requireme 


nearly the 3 


of filter design is the} 
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or networks as shown at } and cin Fig. 61. ‘The T section may be 
fered as being cut from the infinite line (Fig. 61a) at the mid-points 

) of two consecutive series elements Z; and is said to be “mid-series 
jnated.” ‘The x section may be considered as being cut at, the mid 
points (b-b) of two consecutive shunt elements and is said to be “mid- 


) 
(a)-L-Section, showing Relation to Infinite Line 


(@-a) is symmetrical T section 
(b-b) is symmetrical TI section 


2 4 


Z, 20 2Ziy 


(b)- Symmetrical T~Section 
cut from infinite line of (a) 
at (a-c). This section is 
"mid-series terminated" 


4, Z, 
rz z 
= z= 


{d)- Symmetrical T-Section 

divided into two half-sections by d ° 

Teplacing Zz with two parallel replacing Z, with two series 

impedances each of valué 2Z> impedances each of value Z/2 
Fie. 61.—Equivalence of T and « networks. 


(To form a mid-shunt termination, each full-shunt 


(c)- Symmetrical 1 ~Section 
cut from infinite line of (a) 
at (6-6). This section is 
“mid-shunt terminated" 


%, Z& 
es 
ma Z 


(e)~ Symmetrical Section 
divided into two half-sectionsby 


erminated. 


ypes of Sections. 1. Constant-K Sections. ‘The simplest and 
fommon type of filter section is that in which the impedances 
2: are so related that their product is a constant 


4. XZ: = K* 
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at all frequencies. From this it derives its name “constant-K” uld be desirable. This principle is valuable in the design of composite 
The configuration and circuit constants of the four classes of con ? . 

sections are shown in the filter-design formulas in Art. 65. ‘The derived and Series-derived m Sections. ‘Two formsof m-derived 
impedances of mid-series and mid-shunt terminated constant-K i ist; if the extra impedance is added to the shunt arm, the 
within the transmission bands are functions of frequency, but jion is called series derived, while, if it is added to the series arm, the 
approaches the value K at some frequency within the band. The section is called shunt derived. (See illustrations of derived sections 
4Cis therefore taken as the nominal resistance of the constant-K ‘under Filter-design Formulas, Art. 65.) 

for design purposes. If a constant-K section is used with one or: 62. Assembly of Sections into Filters. A filter may consist of any 
of its terminals connected to a pure resistance of value R = k umber of sections from a single one-half section to five or six full sections, 
impedances will be mismatched for all frequencies within the tran ending on the amount of attenuation of unwanted frequencies 
band except one, and the actual insertion or transmission loss of quired. The amount of attenuation in the rejected band depends upon 
will be increased by reflection losses at the terminations. This 

an even more gradual cutoff for the constant-K section than its at 00956R 
tion curve would indicate. ose 


O.0956R mz, 
mk, fe xm 


iN om 


l | ! 


Attenuation 


Fic. 62.—Effect of m upon sharpness of cutoff in a low-pass filter st 


2, m-Derived Sectic In many filters, a sharper cutoff than 
given by a constant-K type of structure is required. Such a cha 
oe aay be ee ie in the eoeeed gS! ed eee ¥ ich is d 

tto J. Zobel.t This type of section is derived from the cons' ™ 7 = 7 
xection as a prototype but is made to have sharper cutoff thi Fic. 63.—Half-section compared with full-section structures. 
prototype by the sddiaan of impedance elements in either the shit 
series arms so that infinite attenuation occurs at some frequency bey 
cutoff, +h impedance of the m-type section is related to those 0 
constant-K section by a factor which is a function of a constant m. 
latter is in turn a function of the ratio between the frequency of 
attenuation and the cutoff frequency and may have any value b 
0 and plus 1. ‘The sharpness of cutoff increases as m approach 
‘This effeet is illustrated in Fig. 62 for various values of m. It M 
noted that, when m is equal to 1, the structure is identical with 
constant-K structure. Also, from Fig. 62, it appears that from the 
point of Eee i a Serre of Seti non through 
attenuated band the combination of a constant-K section (m ion ions. F : 
(having gradual cutoff but large attenuation remote from eutolf) Hable (Be es rad Er peste pore itd oon eera? 
one having a small value of m and sharp cutoff (m = 0.3, for exa ife0”Posite filter is one made up of two or more sections having 


‘at characteristics, each of which is designed to contribute some 


Series-Derived m-Iype Section 
‘nd Half -Section,Mid-Shi 
— terminated. 


fe= Cut off Frequency] Shunt-Derived m=Type Section 
= Terminating Resistance | and Half-Section, Mid-Series 
m=06 in Examples terminated 


Humber of filter sections used, while the shape of the transmission 

ye “epends upon the types of sections employed. - 
One-half- and One-section Filters. If a half section or one full 
ion is used alone as a filter and the requirements regarding the 
are not too sharp, an m-derived section is usually preferable, with 
This will provide the best impedance match with resistance 
‘ither of the structures shown in Fig, 63 is suitable for use 

of resistance R. 

Multi-section Filters. Filters having more than one section are 


ich all sections are identical with the 


1 Bell System Tech. Jour., January, 1923. 
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: eral property. to the characteristic ot the ster, asa whole For Midhunt, termination of constant-K type to mid-shunt termination of 
le, one section which has sharp cutoff but a diminishing atte: fd-series termination of co ‘i ‘i 

Beyond cutoff may be'oombined with another seotion having a Sits rps, to mld secion tormsleneior ol oe thea on ePe or, aout 
cutoff and increasing attenuation beyond as shown at Land If in Bi fd-shunt termination of constanteK, serios-derived m. type or shuns 
The resulting composite structure will then have both sharp cuto derived m typo, to mid-shunt tormination of another section of the cunts 
high attenuation beyond, as shown at III, In general, con 
sections have gradual cutoffs with inereasing attenuation beyond, 


ny 
Pere. In the latter two casos, the values of m in the two sections to be 
m-sections with small values of m have the sharpest cutoff chi fons raust be of the same type end tonnine ne teare, serent. Both 
istics, Still other types of sections may be added to match imped “wotions must be of the same type and termination, however.) 
at the junctions of the filter and its terminating resistances, or to ft 65, Filter-design Formulas. Formulas for calculating the capac 
alter the transmission characteristics. ‘and inductances of constant-K, series-derived m-type and shunt-derived 
metype basic sections are given in the following pages, These are 
‘xprossed in terms of R, the terminating resistances, the factor m, and 


REO he values of f., the cutoff frequency, and other critical frequencies, 
10h sa eta Mhese factors imust, be predetermined on the basis of the filter veaaive: 
20} Coe Secton wit ih nents und the considerations outlined above, 

ry Atferuation after q 

S30 Curve T= Reeuttant of the I.LOW PASS FILTERS 

7 Composite Fitter, mith the = 
Saar Gbined techor (a)=Constant Type 
Both Sections Ly 


st 
60) 


Frequency 


= rf 
phitenvation 


| 


' 

' 

i 
& 


Fig. 64.—Transmission curves for composite low-pass filter. Lek & 
ae Frequency Frequency 
In a composite filter it is essential that the image impedan t 
matched at each junction of the component sections, to avoid reflet orER 
losses which would impair the transmission curve of the filter, Li 
the end terminations of the filter should as nearly as possible mate 4 
terminating resistances. One of the principal advantages of the (b) m~Derived Type i 
structure is that its image impedances can be made identical with L, cA § § 
m-type sections or with constant-K sections; or they can be 5 3] 
approximate resistances over the transmission band for termi Giz ppl BE g| oo a 
‘purposes. A complete analysis of the impedance conditions witl Ce J y’# A cata 
wave filter is not possible in the limited space available here but m Ts > ‘ol. 
found in the References listed at the end of this section. ‘The fo Series Shunt ee 
will suffice as working rules in designing simple filters for ord putt mR requensy requency 
requirements: oh "Wits 
(mR Lem) 
2 dni, *FiniilyR 


For Parallel or Series Connection with ot, Qe 
stant-K section or half section (i.¢., one terminated in a series arm 2 Thk 2 Th 
0.8 of a full series arm, Z,). . 

Here, as well as in’ the two preceding paragraphs, the image imp 
of the internal section next to the end section in either case must malt 
image impedance at the inner terminals of the latter, in accordance 
following. 

Internal Junctions. The following terminations of the types 
sections for which formulas are given in Art. 65 may be joined 
without impedance mismatches at the junetion points: F 

Mid-series termination of constant-K type to mid-series terminal 
series-derived m type. 
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Cai-Constont Type TII- BAND ELIMINATION FILTERS (continued) 
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om (22 + C2/2) at each end. ‘The completed filter will then be as shown 

TW, BAND PASS FILTERS (continued) 
(by=17- Derived Types 

Ly Gy Ly ht 


. 6 
FF juiti-scetion Composite Filter, Required: Low-pass filter to, be conc 
sjed between resistance terminations of R = 600 ohms, with sharp cutoff 
7,000 eyoles and high attenuation beyond. 
; ‘Thero is no unique solution or “best” filter design for this problem. A 
enuniber of filters might be designed to meet these requirements, each of 
t fi ich would serve as well as any of the others, The relative merits of differ- 
1s designs will depend upon their economy of coils and condensers in accom- 
q shing the required results. One suitable design is shown here: 


Taras Short fal bie Vial Teles 
ties Pet Frequency requency . 
=00512 
5 > “1.o002 Yoaons Beoons Ya191 é 
Ete ba 2 2 
"ity 4ihiheb 
Gh) eee Lz. 
“ahem = TERR 2.0279 
C-mtife_ B a6 
an ge Ce) — = = 
ob ed m=04 m=0.15 Constante m=06 
WB GIR Hemiyy, fe) 66,—Low-pass filter for use between 600 ohms with sharp cutoff at 
Eph 6" n B,. 1,000 eyeles. 
Sah hm 
mS 4 ft Let the input-end section be a half-section mid-series-derived m type, with 
oe fo fas ‘mid-shunt termination facing the input to match impedances at that point. 
cic m = 0.4 for this half section to give a sharp cutoff. 
Examples of Filter Design: 1. Single-section Filter. :H aes 


single-section filter to be connected between resistance terminal 
R = 1,000 ohms, with a cutoff frequency of 1,000 cycles and mi 


01097 Q2625 


attenuation occurring at 800 cycles. 
To secure. the attenuation peak at $00 cycles, an m-type filter sect 
required. Hither the shunt-or series-derived type may be used.” wae 
the latter, we have from the filter formulas II (), Art. 65, in which fr = To6000hm {32200 0.0273 %o6000hm 
— 6 a 
cycles, fiz = 800 cycles, R = 1,000 ohms, and m = 0.6, Source a ag | CORE Output 
Cy = 011325 X 10°" farad 0.106 x10 0.39810" 
Zz = 0.1325 henry Si xp 
Cs = 0.298 X 10° farad. z 
From the considerations involving impedance matching at the end term MEM Will bo followed bya ayminetrical full’ section of the sericsderived 


a mid-shunt termination facing each resistance termination is seen to be Hypo, mid-scrios terminated, with m = 0.75. Then a half section of the 


6 1 itcK type with mid-series termination facing the full section and mid~ 
L,701825x10 Huny{mination facing the end-terminating half section, which will be 

™m type, with m =O. The latter will have a mi 
n facing the constant-K half section and a mid-series termination 
output termination, 


the 
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Fig. 65.—Example of single-section filter. ransmission Circuits for Telephonie Communication,” D. Van Nostrand 


: . Rienoy'n, Pigutrie Lines and Nets,” McGraw-Hill Book Company, Ine, 
Hence the structure of Fig. 63f is ind ‘ort: “Prineiples of Radio Communication," John Wiley & Sons, Inc. 
One full-series element (C1) will be required, with a double-impedance 
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SECTION 7 
ELECTRICAL MEASUREMENTS 
By R. F. Frey’ anp Joun H. Mivisr*® 


measurements of electrical quantities are rarely made 
ndardizing laboratories, owing to the inherent. difficulties 
procedure. Ordinary measurements are made by comparison 

es of one form or another, Direct-reading instruments, having 
electrical torque-producing nieans functioning against a spring, are 
ibrated against accurate standards which are in turn calibrated 
measuring devices. Such torque-producing Cra 

instru- 


STANDARDS 


1. Current. Current is measured, absolutely, in terms of the force of 
‘tion or repulsion between two coils connected in series and carrying 
current, and the various dimensions of the coils. This current 
used 'to deposit silver in the silver vollammeter to determine the 
hemical equivalent of silver. ‘The silver voltammeter is thus 
*tandard of current. One ampere of continuous unvarying current 
deposit 0.001118 g of silver per second when following the standard 
‘i The use of this standard is tedious and time consuming, 
it is generally used only for the exact calibration of a standard 
« known resistance. 
sistance. Resistance is measured absolutely by a number of 
in terms of a speed of revolution of a disk or coil and its various 
muons. ‘The resistance is then compared with a mereury column 
form cross section by a suitable bridge method. Such a column 
having a mass of 14.4521 g, a uniform. cross section (practi- 
alent to 1 sq mm) of a length of 106.3 cm, and at the tempera- 
Pf melting ice, has a resistance of 1 ohm. ' Practical secondary 
nis are coils of manganin wire immersed in oil and sealed in 


iners. Such sealed standards built by Leeds & Northrup 
lo the specifications of the U. 8, Bureau of Standards are 
to an accuracy of 0.01 per cent and may be relied upon to 


lio Company, Inc., Cambridge, Mass. 


‘on Electrical Instrument Company, 
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wwark, N. J. 


; ELECTRICAL MEASUREMENTS 181 
180 THE RADIO ENGINEERING HANDBOOK ‘see. 71 


i i i i i ending to rotate the coil about an axis parallel to the sides of the coil 
hold their calibration to 1 part in 100,000 for considerable P gertall, tending to 
0 


Wierpendicular to the magnetic field, Some kind of restoring torque i 
time, The sealing of the containers is important to prevent t wie Mod which is proportional to the angle @ through whieh the coil rotates. 


tion, by the oil, of moisture from the atmosphere, for such moisture Messing the sensitivity S of the instrument as the angular deflection per 
deposit upon the shellac or other insulating material on the wire APourrent, it is given by 
in turn, will cause mechanical strains to distort the values beyond 

expectancy, 

. Voltage. Voltage measurements cannot be measured ab 
with an accuracy sufficient to make tho measurement desirab the diameter of the coil and r is the restoring torque per unit: angular 
account of the smallness of the electrostatic forces involved. The ent: PORMIA ity as a galvanometer, the permanent 
ary standard of voltage is the saturated cadmium or W SEE could bo vary strong and the restoring ree very weak,  Howevo 

‘These cells, as built by Weston and by the Eppley ir pointer-type indicating instruments swung on pivots between sapphire 
correct to 0.01 per cent. They may be depended upon to hold: Jowols, there is a minimum torque which 
yoltage to 1 part in 100,000 when ‘proper correction for temp 


Ge oe BN, a) 
saga ih 


bo used for a given moving clement et 
is made. ‘The unsaturated eadmiunt cell must. be compared Pgh in ordes that thtiona.cfteets wil bo iy, E 
saturated type for its initial calibration, Its temperature Beevable, For instruments mounted ¢ n (il E 
is negligible. Its voltage is constant to | part in 10,000. Betntie ot tho full-acsle Yorque in milligram: aH fp 

As stated above, the cell is calibrated basically in terms of the s Whtimoters with the weight in grams should id 
imereury ohm and the standard ampere as obtained by the sil Phot be less than 40 for small insiruments, 60 Fic. 1.—Moving-coil galva- 
ammeter method. for lnrger instruments of 1 per cent accura nometer, 

4, Reactance. ‘The self and mutual inductance of single-layer Audsstil! xroutor if greater accuracy ix required. 


i H f ened as beer hat heavy 
Seagate ea a a as ee mm este Mavi oven ely i hae ey oul Wak ay 
better tn Be eaelaed from theip dimensions; with an Acq And lighter elements show less friction, Hence for such vertical axis instru- 
Be Erequenty:. “Cts. abschite stained) of frequency is the Btls (or portable service the toraue/weight?é ratio is used and this ratio 
3 g = on y puld he over 4 ‘sina r s and over GO to ior large - 
solar day as measured by astronomical observations. “The mech oe canteen ule tania Satonii ives: tench may be 
vibrations of piezoelectric quartz crystals or of tuning forks mad tisfactory for highly sensitive laboratory instruments used with care and 
carefully stabilized metals provide standards of frequency when p taubjoct to vibration or handling. 
nently connected into suitable vacuum-tube circuits and allow 


oscillate continuously at constant temperature. Over long ‘The magnetic field obtained from the permanent magnet must be 
time their frequeney is constant to better than 1 part in 1,006 Wnstant so that the electrical characteristics of the instrument may 
recent advances indicate a stability of 2 parts in 10,000,000 is obta i nged. ‘The constancy of a magnetic system is determined 
‘The frequency of the crystal with which such accuracy.may be a the ratio A, which is equal to the product of the effective length 
is restricted to the neighborhood of 100 ke, ‘Tuning-fork sti HM the magnot times the effective cross section of one of the air gaps, 
usually operate at 1,000 cycles, By means of suitable frequency Mlivided hy the product of the cross section of the magnet and the total 
pliers und dividers all other frequencies from 1 eycle to 100 Men imap loagth, This constant should be over 100 for chrome and 
obtained with the same accuracy. ikslon magnet steels and over 30 for high cobalt steels. For the vari 

Quartz crystals whose frequencies remain constant to 5 parts in Hickel-aluminum or MK steels the constant will vary, but 10 may 
000 may be made for the fequenc range 20 ke to 10 Me. taken as a median value, ‘Tungsten and chrome steels are most 
such as nickel and certain iron alloys, having the property of 1; high cobalt steels will cost two to three times as much 
striction, may be used as oscillators in suitable vacuum somewhat smaller and will e increased flux, which 
‘Their frequeney range extends from 5 to 100 ke. Thei i aluable for aircraft instruments and where the utmost in 
about 2 parts in 100,000. For the lower frequen fon 


es tuning fot itivity is required. Nickel-aluminum steels require such radical 
metal bars are used. | ‘Their frequency range is 25 to 1,000 eyeles. Migns for offici 


CURRENT-MEASURING INSTRUMENTS 
6, Moving-coil permanent-magnet instruments of the pointer 
or reflecting galvanometers, consist. of a coil, usually wound on @ 


frame for damping purposes, which can rotate inan intense 
magnetic field produced by a permanent magnet. 


jent use that at this time their use is rather limited 


Where 
The current I flowing throngh the turns N of the coil rencts will ne les re requ sane lian Tastahs austin eae 
magnetic field H in the air gap to produce a foree F acting on each com dn the pole tips may be ge | o pe aie His enced 
proportional to the product JH of the current, magnetic held, and lel Sulting in a more uniform scale for the quantity me . 
sonductor in the field. If the coil is pivoted at its center, a torque 
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‘The deflection of any sensitive galvanometer is indicated by the js usually obtained magnetically from the motion of the coil in the 
rotation of a beam of light, the so-called optical lever, which is re d of the permanent magnet, which sets up counter electromotive 
from a mirror, either plane or convex, mounted above the movin The amount of damping produced by the current in the coil 

i and connected circuit. 


‘The older form of telescope and seale is now being replaced by nds upon the total resistance of the coil and cu 
light containing cross hairs which moves along a seale. resistance which produces critical damping is called the critical 
spot of light is much less fatiguing than observation through a tel jing resistance. A galvanometer is usually so designed that its 


and a wider range of view i} The usual seale length is | damping resistance is at least five times its coil resistance so that 
with zero in the center. The standard distance from mirror to may be shunted for critical damping without losing much sensitivity 
1 meter. The maximum angular deflection is about 14 deg. but the most sensitive pivot instruments are critically damped on 
all pivot instruments use pointers. Full-seale deflection corres uit by the current set up in the metal winding form, and resist- 
approximately 90 deg. This is increased to 120 deg. in ee of the connected circuit has little effect on the damping. 
station meters by careful shaping of the pole pieces, Tt may be ines ‘The current sensitivity of any galvanometer varies directly as the num- 
to 270 deg. by a radical change in design. ‘of turns on its moving coil and as the square of its period. For 
The moving element of every deflection instrument ‘provided given winding space on the coil, its resistance varies as the square 
a restoring torque proportional to the angular deflection is ij the number of turns, assuming that the portion of the winding space 
& torsional penduluz, As puch it has @ moment of inertia Pra pied by insulation remains constant. ‘The deflection is proportional 
T, and 2 damping factor. If the damping factor is low, the inst ‘the current and to the square root of the resistance, i.c., to the square 
te ae: ide: oe about its position of rest, each oscill ot of the power dissipated in the coil. 
being less than the preceding one in accordance with the decrement Ce ee 
system. For most rapid indication it is desirable that the instr terics or D-o Gatvs 
be not quite aperiodic or deadbeat but rather that it overswing q ] ee 
3 to 5 per cent. (For a complete discussion of this see Drysdi Make Bev] tea | 7, | Boot 
Jolley, “Electrical Measuring instruments,” Vol. 1, Chap. 3, Cond | | 
for Rapid Indication.) a oa 
Normal ammeters and voltmeters may be expected to have a p 


Taste I—Cnaracn SOMETERS: 


ReD., 


i 1, naw 


of the order of 1 to 2 sec. ‘The smaller instruments, if equipped! : i 
magnets for very high gap densities and extremely light moving ele r) 800 | 71,000 
may have a period as short as 0.2 see. (Weston high-speed pow 8-00 0 $00 101.000) 
indicators.) Instruments of ultrahigh ‘sensitivity, vias very 0 one hese eaten 
energy is available, may have a period as high as 5 sec. Sen 0:05 0:0001 500 | 14500 
suspension galvanometers may haye a period as long as 12 sec. | 17’ 0.014 115 | 10,000 
‘The period of an instrument is important because the time nm | 4:0: Oats [ta heten | cetoon 


for any deflection instrument to attain a new position when its def Suspended-iron type with mirror 

force is altered cannot be less than its period. High-speed indi 2270 | 0.90810.0003 "3°71" 40 | 

in indicating instruments is very desirable, particularly when. the | 240% | 10 Buspended-toll type with sells 
i 


r : u ; 2°) T000 | 4 
nomena being observed are rapidly changing, as in the monitor 1000 | 1 
voice-frequency circuits; instruments with a long period will int 1,000 | 1 
the energy while high-speed instruments will give indications of pe 


lo. 13: 


Double-pivot type with pointer and 


: ‘indicat bsg OPS 
‘The friction of the suspen nd the surrounding air is not suf E45 [206° [0:05 | 3:7 | «,600 | 

to prevent the moving coil oscillating back and forth about its equilib | | | 

position when a deflecting force is applied. ‘The ammount ee B, current I, and power W. soalo ‘detention of 1am at 


measured by the rate at whieh the amplitude of the oseiil: feitance ‘of Lm for galvanometers bi rors: for those having sell 
The ratio of any two successive swings is T pi . veriarvel etalon dom cba not inclodod tn the 
hyperbolic logarithm of this ratio is called the logarithmic decrement Rive 

instrument. ‘The smallest amount of damping w ill cause the @ 

Sus Eee Pith on Omi einen aed Gene be the selection of galvanometers it should be noted that in general 
and the coil is said to be critically damped. Increasing the a high sensitivity will also be slow in action, and in general the 
beyond this point inereases the time necessary for the coil to come 10) 4 period and critical damping re: for a galvanometer as 
and Produces overdamping. | The shortest time in which the ¢9 i the several makers should be considered as carefully iS hte 
come within a given small distance of its position of rest occurs Wl Y.. Further, galvanometers of highest sensi y will re 
coil is slightly underdamped. It has a value of about 1.5 ti gc’ in leveling; they will be responsive to minor vibrations and 
period of the coil. ‘The extra damping necessary to critically Ry installations may require special supports, 
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Where vibration in a building is a factor, the Julius suspe Mnrorre meastirement of plate potential : 
bo used, a somewhat complex system of weights supported by woul Jeenoral, pointer-type indicating instruments can be made to give 
ae eR DBUIE, blocs of concrete) on ait enesieer Chi al genio deflection on, a8 little ae 0.1 aw, although for a rugged instru- 
ae A ke ne z ppeoner tl rom 4 to 5 pw is required. Moving-element ves may 
all vibration usually encountered in ee Hee galvano a about 1 ohm - 10,000 ohms. Low-resistance elements are 
of moderate sensitivity. Galvanometers with a single suspension: dle 


; y the spring or suspension : 

tho greatest sensitivity, those with a taut suspension less, and thos ie byt NGbeone a Were anions? 
double pivots least,” ‘For the most sensitive type of galvanon Bee tof the total, redusing the 
increasing the period from 5 to 40 sec, allows the power to be deq a available for torque; high-resi 
from LL to 0.005 yuw. ‘The minimum current, sensitivity 1s 0-2 aie eee ts are limited by the avail- 
per millimeter, ‘The smallest current sensitivity for a taut, susp ay wire, and many are now being 
is 10-8 amp. per millimeter, and for # double-pivot pointer instru i ct’ canmeled bopper wite 0,001 
5 X 10°" amp, per scale division, < adheres 

Galvanometers of the suspended type are used mainl ‘As in the output circuits of vacuum- 
cators for d-c bridges and potentiometers and as deflec Tubo amplifiers, the resistance of the 
in comparison methods. In the latter case a differential galvano umont or galvanometer should be 
sometimes used. ‘This is a galyanometer having two separate instill Mt" 4 


indi " atehed to the. circuit in whieh it is 
windings on the suspended coil. They have equal numbers of Bo. riacinurersenbiee teaniter: 


juuroproof and mechanically well proteeted and are almost universally 


and are so connected that, when mid this is particularly important where —¥ 2 
currents flow through the two cot the energy is limited. On the other Frequency, cps 
deflection ‘ 


ill frequently result in over- a huananceoaaecot 
0 nometers of ultrahigh ‘vibration galvanometer. 

nost easily reduced by shunting ivity, and a compromise must usu- x 

since it is desirable to keep the gab y ‘de between speed of response and sensitivity requirements. It 

eter critically damped, the noted, hov , that this matching is not of vital importance 


Mather universal shunt, shown i : loss by'a very approximate match in error by as much as 20 per 
2is most convenient. ‘This arrange 3 


is also used in multiple-range ammeters and mil 
frequently known as a “series shunt.” ‘The total resist 
is made approximately equal to the critical damping resistance @ 
galvanometer or indicating instrument with which it i 
Pointer-type instruments of the pivot type are used as ami 
and voltmeters of all ranges and as the indicating portions of #l 
couple, rectifier, and various vacuum-tube instruments, The mii 
range of the ammeters extends from 5 xa to an upper limit determ 
only by the size of shunt desired, commercial shits having been m 
50,000 amp. Above 15 to 30 ma the movements are shunted, in 
case the copper or aluminum winding of the moving coil must. | 
sufficient manganin swamping resistance in series with it to give, " 


‘The ratio of the maximum 
amplitude at its natural frequency to the amplitude for 
an equal d-e voltage is between 25 and 150, ‘The 
period of the ordinary d-c galvanometer is never less 
than 1 sec., while the frequencies at whi 


ments are made are rarely less than 30 eye 


tomperature coefficient when shunted by the manganin resi ~ upper limit. for a taut single suspension is around 300 
Voltmeters may be made with a full-scale range from | my to ash ST cycles. ‘This limit may be raised to 1,000 by the use of 
series resistance can be arranged to care for the requirements. i 


No, 4, . a taut bifilar suspension, Eh al characteristics of 
Misponsion, reial vibration galvanometers are given in Table 
At 60 oyeles their sensitivity is equal to that of a 


ments are made with self-contained series resistance up to a fow hu 
volts; higher rahges usually require an external resistor with the i 
ment placed in the grounded or low-potential side of the circuit f Tp: galvanometer, A resonance curve when tuned to a frequency of 
sake of safety and to reduce electrostatic effects on the moving (cles is shown in Fig. 

Voltmeter sensitivity, at, the present time, is almost exclusively © natural frequency may be raised still further by eliminating 
for full-scale deflection, this decreased current being almost a Coil entirely and using the single-turn loop formed by the bifilar 
to limit power requirements at high voltages. While series re The mirror is then placed at the center of the taut wires. 
for low-range voltmeters are of conventional spool type, for ram method of construction is shown in Fig. By this means 
over 1,000 volts tubular-type units are widely used, having res equeney of 12 ke may he obtained. The ivity decreases 
spools of special design, electrostatically shielded in’ sections conti ly as the first power of the frequency. On this account it is as 
in insulation tubes and filled with inert wax. Such units are compl 
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‘See. 7! ELECTRICAL MEASUREMENTS 187 
sensitive at 10 ke as the bifilar-coil galvanometer was at 1 ki fs a E 
pan with other null detectors at these frequencies, its sensitivity ly null indicators, a field of laminated iron may be used, excited at 
ow that it is not much used in this form. the same frequency as the moving coil. When used as a null indicator 


8. The Einthoven string galvanometer uses the simplest Jna bridge network, the field is connected across the same supply as 
moving system for a galvanometer. A single conducting string the bridge, while the moving coil is connected to the detector terminals. 
the narrow air gap of the magnetic system, which may be a p Enco the current through the field and the flux produced will be nearly 
magnet or an electromagnet depending on the sensitivity desi WM deg. out of phase with the voltage applied to the bridge, the gal- 
motion is observed through a microscope or by its shadow throt fanometcr will be most sensitive to the reactance balance and will be 
screen from a point light souree. Electrical characteristies jiltle affected by the resistance balance. These conditions may be 
Einthoven string galvanometer built by the Cambridge Insta ‘equalized or reversed by the introduction of resistance in series with 


Company are given in Table II, using a silvered glass string 


field, or reactance in series with the bridge, to make the field current 


magnification of 600 times, ‘The string galvanometer may {ind bridge current differ in phase by 45 deg. or be in phase. ‘The phase 
used as an oscillograph, The shadow of the string is observed ggg gileetivity of the a-c galvanometer may be of advantage in certain 
translucent screen as reflected from a revolving mirror, The “al cases, but in general it is a considerable disadvantage. ‘The 
of the string may also be photographed on film or bromide paper, rostatie field of the main field winding exerts a considerable force 


usual paper speed is 10 in. per second, but this may be inci 


‘on the moving coil so that it must be carefully shielded. Its sensitivity 


maximum of 100 in. per second. At this latter speed, phenomena isvery high, and it compares favorably with the best d-c galvanomete 
a millisecond appear 0.1 in. long. 10. Electrodynamometer. When the iron core is omitted from the 
field winding, the moving coil and field coil may be connected in series. 
ein Tis Coxkacrantende on ied " ‘The deflection is then proportional to the square of the current flowing 
AQ ndings, and the ingirusment is ca led an electra mamomeler. 
ake = =e) ] uments of this type read the same on both a.c. and d.c. and are 
wes id Sears stl Sort Fare ftitable as transfer instruments, provided certain precautions are taken. 
9 = Protection from external magnetic fields is most important. ‘This is 
rating-coil type Ysually accomplished in pivot-type instruments by shielding with soft 
sal iron. “It may also be effected by making the instrument astatic. When 
Campbell bifilar 0.33 | 16 Se. is used, an error is introduced if the distribution of current in the 
‘s - 2 ed by eddy currents in the conductors themselves—the 
abate 5 H-called alsin effect—or by capacitance between the windings. The former 


{73 


‘lect is minimized by the use of conductors with insulated strands 

a zendraht—the latter by careful spacing and by electrostatic 
ing, 
+ Eleetrodynamometers may be used as galvanometers, ammeters, 
Foltmeters, and wattmeters. Their sensitivity as galvanometers is so 
% Tow compared with vibration galvanometers and other meters that they 
Duddell oscillograph 5 4% now rarely used. As ammeters, voltmeters, and wattmeters, they 
the standard instruments for use at commercial frequencies 

HMeral the sensitivity of a-c instruments, is of the order of. 1/1,000 
Sithat of d-c instruments, this being due to the difference in field intensity 
the clectromagnetie field as compared with that which can be obtained 
7 ot | permanent magnet. Electrodynamometer instruments of the 
60, 16 | 0.05 | 325/800, ion will take from 1 to 3 watts full scale, the total energy 


Vibrating-diaphragm type (telephone) deflection. Suspension-type electro- 
S09} 400° | 000) 


Campbell unifilar f 
\t 


308 


Einthove 


Values of voltage B, current I, and power W are for a scale deflection of 1 
agale distance of 1 m for all galvanometers except the telephone, for which the th 
of audibility is used, The moving system is tuned to the frequencies give 
instruments except the suspended-coil galvanometer with electromagnet. 


9. Moving-coil A-c Instruments. If a steady deflection is dl 
with a.c., the magnetic field must change in direction with the 
in the coil and must have the same phase. This requires that # 
be an electromagnetic one, “In the case of galvanometers and 
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iron may also be used in the moving clement, either alone or 
junction with a fixed piece of soft iron, both of which are magnetized 


with full-seale values of 2 volts may draw as much as 0.5 amp. 
voltages above 1,000 volts are measured with potential transform 

Electrodynamometer instruments are also used as wat meters i ¢ ammeters and voltmeters in a 
the fietd is excited in series with the load and the moving coil is 4 ‘may also be used on d.e.  Elec- 
the load in series with suitable resistance, the readings being prop wid ‘The range of the ammeters 
to ET cos 6. For polyphase circuits a multiplicity of similar ¢ r n times that of dyna- 
may be arranged on a single shaft, the most usual variety bei : 
two-clement instrument or three-phase circuits. Such an i 
gives true power wi hout relation to phase angle. 


Taste TIT.—Cnaracteristics or A-c AMMETERS 


Make Type B,y | J, amp. R,2 
roliynamomette ty 
15 att full seal long ra iti 
on by) ha minimum of 0.1 watt full scale but in general are more sensitive 
external fields and must be well shielded and kept away from strong 
5 mal fields. Moving-iron instruments in genera) are less satis- 
3 ory on badly distorted wave forms as the hysteresis loop of the iron 
pl Ts represented in the measurement. They are, however, widely used 
9.008 100 ‘© power circuits and are generally available in’all sizes from the small 
ag = n. instruments up to the larger switehboard types. 
one * HIGH-FREQUENCY CURRENT METERS 
yas Le 12, For the measurement of currents of high frequency, the only 
0.01 23 ilisfactory means is through the heat developed in a resistor, which 
| may be measured by the expansion of a wire, 
ed ia ring the thermoelectric voltage developed Copper 
| 0:89 1:18) bya thermocouple adjacent to the resistor wire, b: Bt 
| ‘ oncter methods, and by other heat-measuring 
1 | 9. 150 | bm, \ 
H  Heetider type E18. ‘The hot-wire expansion type of instrument  “a72e6 AConsianton 
30L 1 | 0,001 | 1,000 Pioday practically obsolete. ts defects fh rving beanasill|| 
| ith ambient temperature, the lack . res 
@.R. Co, 3 | O:Bong? | 4000 lieney in the heated expansion wire, and — Ogegper 
~~ | 0.00025 | 8.000 overload capacity together with theadventof po, 5—Thermo- 
Ue lat a thermocouple instrument have practically made couple meter. 
0.010 | 1/300 type obsolete. 
9.019 | 1.300 44. \ thermocouple meter consists of a heater member, a thermo- 
Muple adjacent to it, and a d-c galvanometer or millivoltmeter, Figure 5 


Values of voltage £, current Z, and power W are for full-scale deflection. OWs tho basic diagram of the device. Such a simple assembly, how 


11; Moving-iron Instruments. Galvanometers may be cons Hy docs not compensate for variations in temperature of the terininals 
with a stationary coil and a moving-iron vane or magnet. The 2 ambient temperature variations. 
system consists of small permanent magnets placed at the centey A 
coil at right angles to the axis of suspension, To avoid the ef nin Fig 6. ‘The heater is a wire or tube of plati 
outside magnetic fields, the system 1s duplicated with the mg length whereby most of the heat is conducted to ths 
pointing in the opposite direction to make it astatic, and the 4 avs out largely the effect of convection currents of air, The temperature 
galvanometer is surrounded by multiple soft-iron shields. Its sens mite heated member may be represented as a parabola in its gradient 


T: early ii il a mat enter to each terminal lug, and it is this temperature difference or 
Bee eee ane eee yan here ogee ent from the center of the heater to its end which is measured by the 


so that it is very little used. 
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1 mm of mercury; but, above this point a great increase in sensitivity 


Schecter aed GPA See ae sata Choma ined up to as much as twenty-five times that obtained in air for 
ine \ 


constantan and a platinum alloy, permanently welded to the center y bt ¢ ne é ; eine 
heater at. the junction end, with the effective cold ends soldered toe fein extremely fine wire couples. ‘The heaters fou eueit couples Bey 
copper strips which are thermally connected to, but electrically. tn hon or graphitized wire, | Commercial vacuum couples are intended] 
from, the terminal lugs. ‘Their heat capacity is'such that the diterey ction with a 12-ohm 200-na. dee instrament and may be obtaine 
temperature between the center of the heated member and the conter oF wir do ag low as2 main the heater cireuit for full-scale deflec- 
two copper compensating strips is always the same ns from the center @ he instrument with a heater resistance of from 700 to 1,000 
heated member to the ternal Tug, femnrdins of nbient tem Hom O Vacuum couples are rarely used for currents higher than a sew 
changes or general rise in temporal ai ms, Vac els ite aati r ase 
See ee Ao Uie tees ome ce eee ae funired milliamperes, and the air couples are quite satisfactory for thes 
Thermocouple Compensating to the total heat generated. The higher ranges. 
\ i Strip, electric voltage is, therefore, sti ietly. 

\ tional to the temperature difference bet Condiontn, 
the center and ends of the heated : 
vhich in turn is proportional to the sqi 
the current, causing this temperature: Re 

¢ instrument connected 10 the ¢ —_ 
may be calibrated in terms of this cur 


Ni meer i te ‘ouples may be designed to give! Baim? =i 55 
Movement Insulating _ 4 able indication on instruments of com PSS 
Plates ¢ pn Pfe5 cial types from 200 ma up to whateva TBC Mover iy 


be required, Solid round wires my 
used for the heated member up to abi 
amp., but for higher currents and 
higher frequencies skin-effect phenol 
cause the readings to be too high, 
higher ranges, therefore, the heated m 
ber should preferably take the for 
thin-walled tube of such ensions: 
at the frequency being measured the ratio of h-f resistance to I-f resistt 
is not over 1.02. ‘This limits the frequency error, on # square-law 
s than 1 per cent. 


While standard instruments have a square-law scale as the btai { les for 
i i i i : . y be obtained with separate couples fo 
the J?# production of heat, instruments are available in which the ii herocouple instruments may be obtai P 


ini is 4 vhere a o is C1 in the antenna 

four-fifths of the si apptoximately linear through the use of sf Bis indicating at a disvance op were s couple 18 placed a ee 
d-c indicating mechanisms having non-linear air gaps whereby oh manta See mths eouple should be placed in the h-f cirenit 
y is progressively lower as the pointer moves up the scale A point close to ground potential to reduce efroulating r-f currents in 

8 Proper combination of such apeciall “aped pole pieces « neariyi™ haus to the insteament.” If this cannot be done, the thermocouple, of 
scale may be produced. (See Figs. 14¢ and 14d.) 4 Barge aetna Ie canoe ta'oonnastad to a loop of wite thatds fide. 
Instruments having the linear expanded scale are useful in yah enses around rH w a deg ‘antenna circuit. ‘The thermocouple 
broadcast transmitters licensed for a lower power at night than di FEE eee ea ee oa Te tnatenmont;is scaled 0 read (he 
the day; sufficiently accurate readings of the high and low yal Sn 3 Band the final calibration is made by adjusting the 
antenna current may be had on the same instrument to be satisf Counting between the two loops until the remote reading instru- 
cf ntraments of ths type ae stl complying W Bean ee ec fied dealt Os 
“ar “Mitenna itself, Note that FCC rules require an instrument in the main 
Henna cireuit which may he used for this purpose but which under 

WorMal operating conditions is kept short-circuited to prevent damage 
tue “The switch is opened when the instrument is read for 


©Tnsulating Base 


—Compensated high- 
frequency thermocouple and 
heating element. 5 


Fig. Gulyanometer or bridge-type couple. 


Thermocouple instruments in general are calibrated sr Som asaE 
Nency a,c., and, if used on d.c., the mean of reversed readings shoul 


be taken’ to make certain that any d-c drop in the heater picked up by 
oul ‘couple is canceled out. 


fo lightning, 
Wesiny purpose, and the remote indicator, usually located on the trans- 


ry a] e 2 eration. 
the standard single couples has a sensitivity a cd panel, is used for normal operati 


oer etl a $ Mat put into the heater is about 1 to 2,000 for the most efficient couples; 


© ratio of the power available to operate the indicating meter to 


For still higher sensitivities the couple may be placed in w 


‘ i itivii F 4 2 ve onsitive d-c instrument is required for low 1-f energies. 
couples show no increase in sensitivity until the vacuum is better 4 very sensitive d-c instrument is req 
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a i rectification is by virtue of the oxide film formed 
Thermocouple voltmeters are constructed by using one of y 9. oe roar gee: SE a Ee er ce the COBEeT 
sensitive couples with sufficient series resistance to give ‘thes pe disk h 


aly i o directi For i ent use the 
yoltage range. ‘Their range is from 0.3 to 150 volts with jess readily in the reverse direction. For instrument 


h resis| : =e »s arranged in a stack with suitable 
125 ohms per volt above I volt, and 500 ohms per volt above 10 jer consists of four small plates arrang 


" fakes for connecti instrument and 
if desired. ‘Their frequency range is determined by that of th Bigs between adincont diss or comyeecon be 
resistanee. ‘The small resistanee spools which must be used fe eee circa eon round;-wivsh size 
With self-contained resistors change their resistance rapidly Ne ee ey ete ana 6 ihe maxiDoiht 
queney so that their frequency limit is 3 ke. Frequencies of 1 gat about I volt.anc ; 
be attained with an error of 1 per cent with special h-f resistors, rating is somew 

Since the ent: produced by the thermoeouple is propertin 
power input and hence to the square of the current, this meter pome ‘a or is the 
correctly on both d.c. and a.c. and may therefore be used ae ap Prether thes ra po aes 
instrument. It is necessary, however, to tuke the average of the inrequirement. Somew ‘ 


fi i F trume! d for 

t both directions when using d.c, used in low-range instruments and fo 

i ne Oy designed for special characteristics in : 
RECTIFIER METERS © maintain a relatively high current yg, 9.—Copper oxide reo- 


ver @ 5, reducil re tifier bridge. 
16. An ac. may be changed to a pulsating current having a Bat lower eurcente, thus Sse pee Sieben 
component by the process of rectification, I the current-voltage BE eno eee i eye through the use of lead washers, graphite, or 
teristic is as shown, in:Tig. 84 the effect is called half-wave net Bese 8 varity of ways througe oe iT 


bus motals applied to the surface, ‘The main requirement hero is 
mianence of contact over an extended period. 


‘The negative half cycles are eliminated and the positive half eyel 
duced undistorted. The value of the steady component is 


verage value of a half sine wave. ‘Tho ratio of the tc. to the eG: i Aeasls indgs She bepeniia 
qe oS 0  sonsitivity’ of the device der 
of of the d-c instrument, The d-c instrument met 


| a 
‘Oxide. Meter Pe 
I 


| & J 


Se 


valuo of an a-e current, having a sine wave form which would flow 20° 30, 40'5060 60100, R907 400 600,” 2000)" 4000 000 8H0 
rectifier were replaced by a pure resistance of the same value as th pcan gen) ote ae 
the rectifier is 1/27, or 0.450. By a combination of rectifiers it 48 Fie. 10-—Current-efficiency characteristic. 
ble to obtain the characteristic shown in Fig. 8), which gives full 
rectification, The d.c. is then 0.900 of the a.c. Actual rectifiers 


and full-scale 
ures the average 


0 ve fe ve 
(ol Half Wave (b)= Full Wave 
Pia. 8.—Rectifier characteristics. 


of a rectified wave, while a,c. is usually measured by methods preich 
i 0 -s value of the wave, It is customa to calibrate rectifier 
curved characteristic as shown by the dotted line in Fig. 8a. FOP 


: ‘ Jin terms of the r-m-s value, of a stated wave form, usually a sine 
tive voltages the resistance is not infinite. The ratio of the positi Me rectifier instrament js used on @ wave form differing widely from 
negative hal’-cycle resistances is sometimes as low as 8, Because Ol We for which it is calibrated, an error proportional to the form factor wil 
Creature of the characteristic, the ratio of d.c. to ac. is a function Calibration also corrects an error due to imperfect rectification, 
of the magnitude of the current and of wave form. h varies with current, temperature, and frequency. mt ince 
d : he performance of rectifier instruments can be best expressed by. eon. 
ctifiers used with early radio receivers may be used Mng the d-c instrument and the rectifier as a unit according . 9. 


sensitive d-o meter for rectifying an a.c. Carborundum> galend, ; p = Bverage dee cUTeN® 55 gq to 89 por cont for A 
and many other crystals may be used, The erystal is east ina low I Surrent efficiency, I = “ins a-g current * ; fi ossible 
point alloy and the top contact made with a fine copper wire.  Rectif Monel! a-c current in the order of 0.001 amp. Tt is therefore impossible 
oveurs at the points of contact of copper and erystal an ace rectifier instrument for d.c. without first making a suital 
i ifier i 3 ‘Lables LV and V have been contributed by F. 8+ 
16. Commercial rectifier instruments contain a full-wave ret nc) ring several paragraphs an TubloyLV and have bes 


Cars . ry 4 ne e 'Y of the Westinghouse El & Mfg, Co, 
consisting of four copper oxide reetifier disks connected in bridge Tie eter eee) 
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change in circuit or calibration, Figure 10 shows the effect of 1 
current efficiency for a sinusoidal wave. This variation is cor 
calibrating. 

‘The 60-cycle impedance of » 20-ma rectifier instrument is shown in 
Other ranges using different rectifiers will have different values, but in 
the slope of the characteristic as plotted in logarithmic coordinates 
entirely similar. 


5900 
24000 ~ 4 


3 8 


8 8888 3 
a 


Approximate Impedance of Rectifier Instrument, oht 


Coon 


02 O05 OF 0505 08 10 z 
Current milliamperes 
Fic. 11.—Impedance characteristic. 


3 


2, 


> 4 567690 


‘Temperature variations have considerable effect on both the im| 
and accuracy of rectifier instruments. Figure 12 shows temperature- 
variations for a specific group of milliammeters from which impedan 
be determined. Figure 13 shows temperature-efficiency relations 
group ab various current values. |The point must be stressed, however, 
the curvature of these characteristies varies with the several parame 
rectifier-disk size, current density, processing time, and the resistance 
instrument, and it is quite possible to modify these curves materi 
gpecial requirements. Standard instruments, by the same token, 
hardly be represented by any particular group of curves. It might be 
that rectifier instruments have been materially improved in recent 
as to the flattening of the curves and that design possibilities have bt 

to the point where materially improved instruments can be made for 
ticular requirements. 

Higher temperatures adversely affect the rectifying film, and 
instruments may become erratic at temperatures in excess of 45°C. 
temperature locations should be avoided in application; where the in: 
becomes unduly warm, instruments with external rectifiers are sometimes! 
with the rectifier placed in a relatively cool location. 

Frequency errors are the result of capacity between disks. Since the 
resistance is lower at higher currents and since capacity is a functi 
rectifier size, the smallest rectifier is preferred for good frequency ch 
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1 a high current density with which good accuracy is 
sais i earn rear ee audio Frequencies, "With low-eurrent density, 


Glos may be as large as 1 per cent per 1,000 ’ 
7 
eM onoral, low-range voltmeters are more Toma. ad 
a to temperature and frequency errors 7 
Hgnhichrange voltmeter. Low-range volts 90) —}—| | 
Biers have scales which are compressed bree te Bias 
35) Totaled 90) 
| Jentina Votiage —| [| | 
er ore 5 SHA Al 
30) igsramert-of rious 880 , 4 
| ienous Currents - 
faa 
25 tet Foo 
“TIN 3 fa 
20 ata & 00 
£0) 
~] 
10 ; 
T nae 
el fi Fe) 


D- +2 40 8 
Temperature deg.C. 

Fig, 13.—Ambient _tempera- 
ture-efficiency relation. 


Fig, 12.—Effect of ambient 
tomperature -on the voltage 
drop across a rectifier instru- 
ment at various currents. 


inti i vi igh-range volt- 

the lower end due to variations of impedance with current. Hig 
Meters and milliammeters have nearly uniform scale Aistribution, 

bles IV and V- give approximate constants of commercial rectifier 


fastruments, 


Tarte [V.—Mruiasmrerers AND MIcROAMMBTERS 
Full Seale, Approximate 60-Cycle | 
Milliamperes Impedance at, ane Seale’ 
15 


10 


10,000 ¥ 
gilndivit i i considerably from the average in charac- 
Apes i caeres Paige Son nny vars 19 por est, and ficiency valuen vary 
Bo ber cont for the product of one manufacturer. Much greater variations may 
PPeeted between the produets of diferent manufacturers. 


ql; Power-level instruments used in the monitoring of voice-frequeney 


Sg i i ver on the 
its are usually voltmeters with scales calibrated to read power on th 
of a fixed-resistance load. The indications of power are usually in 
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decibels above or helow Bee cified zero power level. Prior to 
considerable confusion existed in this field of measurement owing 
fact that zero levels of 0.001, 0.006, and 0.0125 watt were used into 


of 500 or 600 ohms. The instruments themselves, fundamentally y 


Taste V.—Vourmerers 


Approximate: 
Pull geale, appeal scl ms | Approximate fixed | impedance of 


per volt | and d-e instr 
| 


ment-rectifier network, 


This situation has been largely cleared due to the work of Messrs. Ch 


Gannett, and Morris! in the development of the so-called VU meter. 

is fundamentally a rectifier voltmeter having very definitely specified 
trical and ballistic characteristics and a new scale. To this standal 
reference the majority of organizations using such instruments have ag 

Two instrument scales have been standardized, as shown in Fig. 
‘The upper scale, known as the A scale, emphasises the VU markings and 
an inconspicuous voltage scale. The lower, known as the type B 
emphasizes the por cent voltage and has a relatively inconspicuous VU 
‘This latter scale is largely used in broadcast monitoring since the voltage 
indicates in a rather direct fashion the per cent utilization of the faci 
The seales are printed on buff paper to reduce eyestrain; the narrow are 
the figures above it are in blick with the heavy arc to the right, the marki 
above it as well as the markings below the are in red. 

The instrument mechanism, whi 
definite ballistic characteristics which may be completely defined by 
fact that, if a voice-frequeney voltage of such amplitude as to give a s 
reading of 100 on the voltage scale is suddenly applied, the pointer 
reach 99 on this scale in 0.3 sec. and should then overswing the 100 p 
by between 1 and 1.5 per cent. 

Zero level was agreed upon as 1 mw in 600 ohms. Since a yoice-fre 
channel may contain many components of different frequencies and si 
they may affect different instruments in a different manner, the balli 
standards above listed are a very necessary part of the new standard 
instrument is standardized on sine-wave voltage and is adjusted to rea 
the 100 mark on the voltage scale with 1.225 volts applied, this represer 


Cars, Gannet, and Morais, Proc. T.R.2., January, 1940; A Now Standard fe 


Indicator and Reference Level, Bell System Tech, Jour., Janus 


is identical for both scales, has ¥ 
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» above 1 mw in 600 ohms and is applied to the standard instrument as 
Jurnished, plus # 3,600-ohm external series resistance, 


ey 
AZ 


@ 
Fic. 14c—Standard_ scale 
using a conventional d-c 
movement. 


Tay 14b.—"B” seale for VU moter. 


Fro. 14d.—Ljnonr expanded 
seale using the mechanism 
with specially shaped pole 
pieces. 


vi instrument, the readings obtained from it when voice- 
SS ae erappived may then be stated as so many VU, taking into 
account that 4 VU must be added to the 
wale roading plus the number of VU lost 
in the attenuator placed in the network. 
The required network is shown in Fig. 
Wf, The fundamental total resistance 
Of the instrument is 7,600 ohms. To this 
aro added 300 ohms representing  600- 
hm source, and loud in parallel, making 
total of 7,800 ohms. | To simplify the 
Uso of an attenuator, this is split in, the 
dontor to give 3,900 ohms each side, which 
will allow for a simple ‘T-pad attenuator 
to be inserted at this point. The instru= 
Ment proper, therefore, has an internal 
fesistance of 3,900 ohms and must be used 
With the separate 3,600-ohin resistor. 

ince the normal instrument level is +4 

U, the attenuator dial is marked 4 VU 
St zero attenuation, and for other true at- 
Wauation values 4 VU are added. (Table 

OW: ch attenuators. z ; 

Hephows values for suc’udable commercially and because of its deliberate 


Notion is found most readable. The standardization of the instrument by 


DECIBELS 4 


173 


nrc ny 
Feenrien > 
‘ Bab ti 


weston EH STH CA A 
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° 


‘mopEL 301 Wo. 
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Sty & 


Fic. 14¢.—Seale of db meter. 


3600 OHMS 


Fie. 14f.—Network for use with VU mete:. 


- the v1 i ce, particularly 
the majori 08 ed is of fundamental importance, partis 
Ph se concerned is o 
Mliere ed aon a Transmission line are to be read, forwarded over an order 
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wire to a common point, and compared. While instruments of se’ 
are available, the one in most common use is approximately 4 in, 
and available either with or without internal illumination. 

‘The advent of this new level indicator has very largely superseded 
of db meters as such, although the previously available high-speed ji 
ments still find some utility, particularly in the cutting of records 
instantaneous indication and control of high level is necessary to p 
overcutting. 

Table VII is a useful tabulation of power levels, ratios, and volt: 
terms of the zero level of 1 mw in 600 ohms, and, when interpreted 
instrument of the characteristics described, the values of db above and 
this level will also represent VU. 


Taste VI.—Arrenvators ror VU Meter 


Attenu- | evel, | Arm a, | Arm B, | Attemu- | pever | Arm A 
ator toss, | Me ohms’ | ‘ohms’ | Storloss,| “yyy ohms" 
0 +4 

2 +5 

2 +6 | 

3 +7 

a | +8 

5 | +9 

6 +10 

7 + 

8 +12 

9 +18 

10 +14 

nu | 415 

12 +165 | 

3 417 | 2473 | 

4 +18 | 3,603 | 

15 {19 | 2,722 

16 +20 | 2,833 

7 fF +21 | 2'935 

18 +22 | 31028 | 

9 423 | 33 | 

20 +24 | 3,191 

21 25 | 3.262 45 +49 | 3,857 
22 426 | 31326 46 3/861 


MEASUREMENTS OF PULSATING CURRENTS AND POTE! 


Tn making measurements of current and voltage which are 
true a.c. nor d.c., care must be taken to make the measurement Wi 
correct type of instrument in order that a measurement be had 0 
actual value required. 

18. Rectified current, which may or may not be filtered, shot 
general be measured with a moving-coil permanent-magnet t; 
instrument. This gives the average value. It is the value of 
or voltage of interest when charging a battery and in general is the 
of interest in vacuum-tube technique. Iron-vane and electrodyn: 
eter instruments indicate the r-m-s value which is used for deter 
‘the heating effect, 
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Pirect-current instruments, particularly voltmeters, have a sufficiently 
heat-overload capacity’ so that they may ordinarily. be used on 


ating currents without danger. 


Jo measure the a-c component of voltage, a condenser may be placed 
gries with an a-c voltmeter of suitable range; the d-c component is 
ed and the a-c value only is measured, ‘The impedance of the 


‘Taste VIL—Usercn Tecrsican DB Dara (WxsTon) 


Voltage— 
Voltage | based on 1 | Power 
ratio 100) mw in 600 | level, 
db ohms = zero) db 


Voltage | based on 1 
tig t0.0| maw in 000 


31023 | 0.24495 | 
35481 | 0.27483 2 


39811 | 0.30839 
44068 | 0.34599 
50119 | 0.38820 


50234 | 0.43560 
63096 


Hwee aneos 


0.77461 
0.80912 
O.97514 | 32 


pares 
GEES ees sume 


3 


ae 
Etc 


5 


GSS 


inser at the frequency used (120 eycles for a full-wave rectifier 
1) should not be greater than 10 per cent of the instrument resist- 
i the impedances being in quadrature, the resulting error will be 
| per cent, This is the simplest method of measuring hum in 
ified plate supply. Because of its high resistance, the rectifier 
heter described previously is most satisfactory for this purpose. 
Voltages and currents are best measured through the use of a 
“tube voltmeter with a large capacity shunted by an extremely 
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high resistance d-c voltmeter (see Art. 20). A eathode-ray osci : 
is also useful.in such studies, 


VOLTAGE-MEASURING INSTRUMENTS 


« fixed resistance S limits the current to about full-scale reading of 
ammeter. ‘The deflection is made exactly full scale by adjustment, 
ithe ammeter shunt B. The range of this type of meter is usually taken 


19. Use of Current Meters to Indicate Voltage. All current-mea wtthat resistance which gives a deflection which is 5 per cent of full 
instruments having a sensitivity in milliamperes may, with the ad gale, On this basis the usual ranges are 1,000, 
of suitable series resistance, be used to indicate potential. The ey 40,000, and 100,000 ohms. &. 
drain of the instrument must be sufficiently low to abstract negligi Through the use of more complex networks, 
energy from the it, as otherwise corrections must be made, ystruments with still wider ranges of capacity ey 
modern instruments of high sensitivity this requirement can + fin be made available, ‘The upper limit of #= Re 
be met. Brance measurements by this means de TL 

20. Direct measurements of voltage are obtainable through cle nds upon the instrument sensitivity and, pye, 19. Direct-reading 
statie means, but the instruments are of limited utility because of Tattery voltage; a 50-0 instrument at 15 volts ohmmeter circuit. 
low torque and because the minimum ranges are rarely under s@ gives an, excellent deflection on several meg: 

hundred vo! ‘They are essentially inst “ohins, ‘Che lower limit, since a minimum battery voltage of 1.5 volts 


for the research laboratory. must be used, is Repeat only on the current capacity of the battery 
Blectrostedic voltmeters depend on the att fii the resistance of the leads. "In general, for accurate work, the effee- 
force which exists between two conducting tive battery resistance must be calculated into the circuit as a part of the 
between which a difference of potential exists, fotul series resistance. Z 
their simplest form, the force of attract Note that in all series-type ohmmeters the ¢enter- or half-scale resist~ 
on a stationary and a movable disk is bal ance value is exactly equal to the total effective ohmmeter resistance at 
by a calibrated sprine The Kelvin absolute its terminals, 
trometer is constructed in this manner, The " i i 
ati i ‘The readings of an ohmmeter may be made independent of the applied 
ates TSEC ana to the square ¢ Boltago by dispensing with the o rolling springs and obtaining the cgutrol- 
difference of potential between the plates, ng torque from a separate coil connected across the supply voltage. Figure 
Fra, 15.—Suspended- Meters give the same inditation on steady, Ti shows the circuit used by Evershed and Vignole in their ohmmeters of this 
walls eaten alternating voltages and have neither wave type, 
nor frequency error. 
One type of construction, used in suspended-vane meters, is sho! 
Fig. 15. The stationary plates are sections of two concentric eylin 
ich the cylindrical rotor turns. With the opposite poles 
magnet placed outside the stator plates, satisfactory damping is obt 
from the currents induced in the loop. ‘This type of construction is 
used in the Ayrlon-Mather electrostatic voltmeter built by the Cambri 
Instrument Company. 


Eloctrostatio voltmetors are very useful bocayso of their high resiskana 
low power consumption at low frequencies, | They cannot bo used on) 

Voltage at frequencies mueh above a megu because of the rapid inal 4 
of the power loss in the necessary insulation. This loss i 1808 ‘his constructi first used by Evershed for an ohmmeter designed to 
as the first power of the frequency and the square of the voltage, Al Re usraction wae ‘ 


i ° c t Aire high resistances up to 100 megohms. ‘The souree of voltage was a 
rubber insulator with a power factor of 0.004 and capacitance of 10 pull lheontainod high-voltage magneto generator, giving voltages up to 600 volts, 
have, at a frequency of 10 megacycles and voltage of 2.6 kv, a charging ¢ Was called a megger. The same principle has now been applied to ohm~ 
of 1,5 amp, and a power loss of 15 watts, both of which values are exe im 

vm 


ts of lower range using battery voltages. ‘The resistance range extends 
MEASUREMENT OF RESISTANCE 


1 ohm to 5,000 megohms. 

21. While bridge measurements of resistance give greatest: acell haf, Measurement of Impedance. When the  voltmeter-ammeter 
(Art, 36g.) direct-reading instruments are much used because thet 4 is used with a source of alternating voltage, the ratio of voltage to 
no requirement for the manipulation of the controls, and they are. gives the impedance of the load 
used in production testing of resistance units as well as in general lab E 
tory practice where the highest accuracy is not essential. a (2) 

fhe simplest direct-reading ohmmeter consists of an ammeter i 


battery as shown in Fig, 16. Two readings are made, one witht Titye, 2? sual a-c instruments the corrections for the instruments, are 
and more difficult to make because of their reactance. The 


Tie. 17,—Ohmmeter of Evershed and Vignole, 


terminals shorted, the other with the unknown resistance R con” 
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1) 


202 8 
anocted in circuit with coil Ca, the coil C1 sets itself in the plane of the field 
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high-resistance rectifier voltmeter and vacuum-tube voltmeter elin H and determines the zero of the scale. The introduction of C allows 
this difficulty. Feo flow in the coil Ci and provides an opposing torque which is pro- 
i i ental to the capacitance added. ‘The resulting deflection is, of course, 

The separation of impedance into its components requires the ortiis dependent on frequency as on capacitance, so. that any particular 


wattmeter. The connections of Fig, 18a are usually used when no corr jist Ament must be used on the exact frequency for which it was calibrated. 
for instrument errors is to be made, while those of Fig. 18) allow the ¢o Jow-Irequeney Weston microfarad 


to be made quite easily. For thfs distinetion the current coil of the wat cr has the moving coils connected in r T 
is grouped with the ammeter and its potential coil with the voltmeter instead of in parallel with the field ¢}-——t ai 
L es t) I ‘ rie F 
é C S 5g u 4 ‘Phe capacitance range of the Weston } G 
SPEC Heese sien oh jerofarad meters extends from 0.05 -_ || NJ 
to) 1b) {0 10 wi ut 60 cycles, 0,001 to 0.05 nf at 2: cise 
Fie. 18.—1 i s, and 0.0005 ui at 1,000 
14 Measurement of impedance. ‘he ppliedvoltake must 24 
before, the impedance of the load is given by Eq. (2). Its ot Jatge enough to provide sufficient °p 
Gharyatin ot Cis wutinistek rorcinps earthe produteiot volinge eocam Forge to give a definite reading. lak: neva eaeeetaias aaNet! 
Measurement of Power Factor. Weston 


Tnstruments for measuring power 4 

ie vory similar to the moving-coil capacitance meters deseribed 

; “rhe connections used in the Weston power-factor meter are 

yrhere dis the phaio angle between voltage andourrent. ‘The reeatance a cmmections ized is 

oad i . 20. f < 

25, Measurement of Frequency. Frequency may be measured with 

an indicating instrument similar to the capacitance meter shown in Fig. 

19, in which the capacitance C is fixed and the capacitance S is replaced 

by a resistance. ‘The scale is, of course, 


woe w+ calibrated in terms of frequeney 


‘The functions of the moving and fixed 


and the reactance 


X = VW R 


With the knowledge as to whether the load is inductive or capactti 
inductance or capacitance mi Is i 

mo may be transposed, the stationary 
cnletllited tram part now consisting of two coils set at right 

F angles to each other. ‘The moving part is 
sob = —, j simply a, vane of soft iron, since its sole 
of function is to indicate, the direction of the 
= resultant magnetic field set up by the two 
where = 2nf. stationary coils. ‘The connections of such 
a frequency meter are shown in Fig. 21a, 
‘The tendency of the vane toward rotation 


23. Measurement of Capacil 


Since the power factor of the: oR tb) is overcome in the Weston frequency meter 

condenser is small, its react M4. 21. requenecy meter. by decreasing the phase difference be- 

5 approximately equal to its it Weston.) tween the currents in the two coils as 
Fio.19.—High-frequeney microfarad ance. This may be measu BI otic 4 shown in Fig, 210. The rotation of the 
Saaeee i Hien) reotly by the voltmetanal fiknotic field isno longer uniform. ‘The vane, being long and narrow, takes up 


elinite position, its inertia preventing it from following the irregular rota- 
iia RoanEa Ve) Ata sioenoln pecan the capacitanee ¢ 4,0! the magnetic. field. “the frequency range of the instrument is about 
ee eaticenk aad tie tage and frequency, a single ami Der cont of the mid-seale reading, These meters are usually built for the 
tenes divest , and the ammeter may be calibrated to read ¢ Ree: cial frequencies 25 and 60 cycles. The General Electric Company 
Me aatants A cen ara & Rani uuilt them for higher frequencies, up to 2,000 cycles. 
rendition afe fidenecdiont of the eerie te ee ee Frequency meters that make use of trating rads are algo constructed. 
consists of two coils set at right angles to each other, - THeae inti¢s of reeds, whose natural frequencies of vibration differ by regular 
contciian endings) ‘ihe onpmentions used in the hichefrequac aia tvuls, are arranged in a line or in a circular are in the order of ascend- 
Pa ee aa er euianea at e eiuency, ‘They are mounted on a suitably shaped electromagnet, 
aie ; lig’ Winding is connected across the supply voltage of unknown fre- 
Coils C; and C2 are connected across the supply yoltage, one in series, is ty. That reed, having a natural frequency nearest to the supply 
fixed capacitance 8, the other in series with the unknown C._ ‘The statit 
field coils F are directly connected across the line voltage. With no cond 


Meney, will vibrate with an easily visible amplitude, and the frequency 
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intervals between adjacent reed: 


are sufficiently small, compara ven in Table IE for a Western 
damping, so that at least one will always cibrate : ayo, resistance, and power are given in Table 


iver. Jt is much more sensitive than any vibration gal 

MOVING-DIAPHRAGM METERS ’ dv and at its resonant frequency is not far behind a good d- 
26. The telephone is a very sensitive galvanometer, in wh meter. 

indication of motion is acoustic, Tt 


sible to uso non-magnetic 
ii ing-ii ) Telephones. It is possible to use non-magi 
soetally 4 mova Biber Types oF y Jing a separate steel armature so 
ion galv: r rized wil the diaphragm by providing a separate s 0 
Tae poe Bet claraped tna ts natural fequeny is higher than that of the 
a ean ita tind mi, Lo Which it attached by a stil od. | When mien is used for 
Seaton ter pordonal tod a Diaphragm, both the sensitivity and th se le tivity aes ervater tl nh 
the stondy flux in the air gap pay fad. On the other hand, the resonance curve exit ) 
rmanent f a torrugated diaphragm of suitable material, zi 
the permanent magnet and the aes be replaced by a coil earrying the acy hieh 
Imny vibrate in the feld as a moving-cofl gulvanometer. ight 
Heleeenes Meeone attached to the coil acts as a diaphragm, There is no single 
iron pole pieces, ‘The relue t ul frequency, so that ‘over a wide frequency range the se y is 
alternating flux is so gros Milly constant. 
at the base of the 


—Construction of 


ruction is the 
eristic of a 

this frequency is about 900 ey 

plugging, the orifice in the earpiece, the natural frequeney. 

mereased by as much as 50 per cent. The d amping of the diay 

is very small, being mainly due to the edd ~euurrent losses Be ieieeitone 

The variation of amplitude with frequeney is a sharp resonaned etd zi 7 fine wire is heated by the passage of a.c 

Figure 23 shows such a curve for a Western Electric telephom placate baal arnt Arar erage defor 

damping is little affected by changes in stiffness and naturel f ind waves a f that the temperature of the eurface of the wire follows 

he impedance of a telephone winding inc ito, is 20 gina that See ee ee ctriminrta ot tata Bost Rave Oot 

regular w except around the reso- Beyelic variat Je of tae merthetiaters 4 are called thermophones. 

hae frequeaies” ho mastane and Sa 

reactance are generally of the same order eel AG Inced in tho’ear, so that the! 

of magnitude, so that its. lag angle is ee fa, 10 be piscod in eu 

about 45 deg. At a frequency of 1,000 { 


Batisluctory, ‘Their regponse decreases slowly as the frequency 
i Thereawed. The ry is instrument has been studied in = 

exeles they are about ten times the’ de a eer ee acres ps aan ee 

resistance of the winding, Near reso- nil because 0 . 

nance the motion of tho diaphragm ine = 


‘TERS 
troduces n counter e.m.f. into the eireuit BBO TRON Tunney 
which is usually interproted as additional 


(29 Vacuum-tube Voltmeters. ‘The simplest type of vactum-tube 
+ tesistance and reactance, ‘These terms Holimoter mnakes use of a threo-cloctrode tube and a d-o polronpmesss, 
referred to us motional values. In MConnections are shown in Fig. 24. ‘The grid bias He is Maia eaten 
telephones of low damping, they may be Miximum plate rectifieation occurs, the relation between plate oreo 
as much as 70 per cont of the normal val- apeceait Hf grid voltage being as shown in Fig. 25. When an alternating voltage 
ues, The actual numerical value of the ‘ Frequency ke PAAbplicd between grid and filament, the average plate current Aenea ot 
resistance and reactance depends on the —Resonance cil to Tp’. This change in plate current is the cuantty Hy =e ee ss 
number of turns with which the magnets ™'y;,23- Resonance, oie the instrument is calibrated. ‘The pes Hee DERE D LIAS 
ate wound. ‘The d-c resistance varies mii ‘or which the peak voltage equals the grid bias 
from 30 to 1,000 ohms. ‘The sensitivity of telephones is somewhat ; 
nite because it depends on the acuteness of hearing of the observer. Thay °° of the plate-current meter n d_ mechanically so 
usual to ¢: sit 2 ary to produce a just au it th i 
respons 


! © zero of the voltage scale may coineide with i rical 20 
a threshold of hearing, this 


the current nece: 
Because of the existence of 


ry ale v1 26. The si 
may also be attained electrically as shown in Fig. 2 Alp eto 
mum current is reasonably definite and reprodueible, at leeet for Suppliss. both, grid sid ate eee ee ae eS 
person, Values of this minimum current, together with the costes the three resistors Jee, Ru Fen 


© that in the adjustable resistor I, d by the plate current. 
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the reactance of the plate by-pass condenser, connepted between 
qhd filament to provide a low-impedance path for the alternating 
ent of the plate current, becomes comparable with the plate load. 
condenser is omitted, in order that the meter may be calibrated 
Puwed at commereial frequencies, errors may appear xt frequencies 
100 ke due to natural frequencies in the meter and resistances 
ireuit. Finally, natural frequen- 
d circuit, either in the resistance 
Fig. 26 or in the combination of R, and 
pgrid-filament capacitance of the tube, set 
Upper limit around 10 Me, 


The galvanometer resistance should be small compared with Rp so 
major part of the change in plate current will pass through the galva 


The grid bias for the voltmeters shown in Figs. 24 and 26 may 
obtained by connecting the grid return to a resistance Ry in th 
cireuit as shown in Fig. 27... This 
method of obtaining the grid bias 
causes the bias to increase with the 
applied voltage. ‘The relation re- 
sulting between meter deflection 
and signal voltage, while approxi- 
mately a square-law relation for 


sensitivity of the triode vacuum-tube volt= 
muy be inereased by the method suggested E 
Purnor' in which two voltages are impressed Pye, 98,—Balanced vace 
two balanced tubes connected ns shown in Fig, ~ ‘Hum-tubo voltmeter. 
Faqual voltages es are applied to the two grids 
‘opposite phase across resistances J and a separate voltage e: of the same 
cy and the same phase as either is introduced into the common grid lead 
P toms the resistance Re. With the grid bias adjusted for plate rectification, the 
Fra. 24.—Vacuum-tube volt ‘Fre. 25.—Vaeuum-tube volt ntinl current through the meter connected between the two plates is pro- 
meter. characteristic. to the product exes of the two voltages. ‘The voltage e: applied to 


small voltages, becomes nearly linear for large voltages of from 
volts. For a large grid bias, plate current flows only during the p 
peak; hence the error due to wave form may become serious. Th 
meter then becomes a peak 
voltmeter. The voltage range! 
meter can be changed by m 
bias resistor R;. Each ranj 
however, have a separate cal 
The sensitivity obtainable : acer 
vacuum-tube voltmeter depeal = : to be measured and voltage ¢: is a high 
ty upon that of thie tedicem Which gives incresised vity. A special phase shifting network is 
Nines eon ae Dmueccesary for theadjustinent of voltagees, An effective amplification 
ous tubes available are not Pwo volt Sar boturent dint ris 
Single battery for plate different and are not much affe i se hace Be tha: phave sugls teewon eed 
midgdrvoles, the value of plate voltage. is th 1 for the expression for power in an a-c circuit, Hence, if 
seale reading of 3 volts is usual Proportional to the voltage across any loud, and ¢2 is proportional to the 
dec meter showing full-scale deflection on 200 sa, A 20m Stor a, through that load, obtained as the fall of potential due to the flow of 
show a full-scale deflection on 1 volt. Wall galvanometers may b e paurent through resistances Jz, the ammeter deflection is proportional to 
Siaitinneaed Meme ae Wor dissipated in the load. ‘Full-scale deflection may be obtained with 
maintaining the zero setting increases greatly. BR eases ce on nen ela axe tee Ope leae Sy 
.. Lhe. input resistance of a vacuum-tube voltmeter line of 1 two-electrode tube in a vacuum-tube voltmeter allows the 
is high, being either the insulation resistance of the “a AY Tange to be raised above 50 Me. Since the rectified current is at 
input terminals or the resistance R, of Fig. 26 y a few microamperes, it must be amplified by means of a triode 
hunted between grid and filament to taaintais the 4 plate circuit the indicating meter is placed. The connections for 
grid bias. ‘This may be as high as 10 megohme. Mincter are shown in Fig. 29._ The current rectified by the diode 


Fre. 2 


‘The plate load of the tube is sufficiently low so tha rst the condenser in the input lead to the peak value of the appli 
ae ae tu ufficiently low so that it and then the 0.02-zf condenser which supplies part of the grid bias 
loes not affect the input resistance. ‘The input Wiode. ‘Th re jired bee: he hodes of 
pacitance is essentially that of the terminal: ee ap arenes | Higgeeegtis pes nod mere tt 
5 y : é 2 ‘ f pt at, esse Bs 
wee, ie eee capacitance. By careful design this m 4 .5 volts can be obtained with a 200-ua. meter. 

as low as 5 ul. 

The calibration of a vacuum-tube voltmeter is usually indep# Each range must, however, have a separate scale. 
of frequeney over a wide range. At low frequencies an error ap Mand MeNaatana, Proc. I. R. E., 18, No. 10, 1743-1747, October, 1930, 
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30. Electron-stream Meters. A stream of moving electrons is ak Leese kee : 
the cathode-ray lube to indicate and meusure an electric or magne’ sa deflection of the spot in a direction at right angles to the first, 


Wlectrons emitted from a hot, exthode C are accoleruted by a fection. The deflection at, the sereen is inversely proportional to the 


potential applied to the anode A as shown in Fig. 30. Most g ik 00 voll It is of the order of 2 in, per 100 volts for an anode 


electrons strike the anode and form the anode or plate current, 


remainder pass through a small hole in the center of the anod ss Mb RaReA SARI Te Seihibicl nerve SE cloloat ie waarions 
rontinue at constant velocity to a fluorescent screen S of willemiteg egg ie be eR leer Re ovate rae th ge 
ulfide, whieh is usually the eularged end.of the glass tube in w ction. . The stream of electrons is deflected back and forth between the 
various parts are mounted. The beam is naturally divergent b ‘and the spot of light is drawn out into a line symmetrically disposed 
of the mutual repulsion of the individual electrons comprising i the uadeflected spot, provided the pair of plates is grounded at a point 
faust bo focused on the screen in some manner in order to obtain fidway in potential between them. An alternating voltage applied to the 
sharp spot, In the earlier tubes this was accomplished by I ee vision Falk eyodns & lias at sighs smias fe She, ich. aS Aa ta 
enough residual gas in the, tube to give a pressure of about 0.008 Bin cllowe tho instantancoue rosultant Toreo exerted by both falds and 
f mercury, ‘The positive ions produced by the electron stream @ in the vous resultant for by oth fields an 
of mercury p ‘on the sereen a pattern whieh is closed, and therefore appears sta- 
ary, when the frequencies used bear a simple relation to one another. 
are called Lissajous! figures. For two equal frequencies tho 
1 ellipse of varying eccentricity which at the extremes becomes a 
cle. The exact figure is determined by the phase differ- 
For other ratios of the two frequencies the patterns 
ig “ centrant. For the general case the ratio of 
Fra. 80.—Electron-stream meter. mimbor of loops formed on adjacent sides of the 
Worn is that of the two frequencies. 


repulsive force on the electrons and prevent their divergence, 
factory focusing by this means demands a constant gas presse $1, Timing Axis. Since the electron stream can 
is difffcult, to maintain throughout the life of a tube, . ‘There is a Blow accurately all variations in applied voltage, ° Wie. Bi-—Timing 
upper limit, of perhaps 100 ke to the frequency for which sharp fe is only necessary to spread out the line of light cireuit, for euthode- 
can be abisined because of the relative slowness of the ionization p ich if produces on the sercen into a two-dimen- ray tube. 
‘The beam may also be focused by a longitudinal magnetic field I picture to make visible its exact wave form, 

radial electric field, the latter being the more convenient. FOR second voltage of the same frequency giving the elliptical pattern 
type of focusing, the gas pressure is reduced to the minimum neegs tt dewcribed does this but in such a manner that the whole pattern must 
to prevent an accumulation of negative charge on the screen. fodlrawn to be easily interpreted. The time axis, which the second 
the anode A and sereen S there is placed a second anode having a must provide, should be linear, not sinusoidal, and its return to 
potential between four and five times t of the first anode. 0 value should be instantaneous. 

designs the enlarged conical end of the tube is lined with a cond 
layer and gerves as this second anode. Tn others the second anod pi very convenient cireuit for this purpose employs a neon tube as shown in 
short cylinder or ring of larger diameter than the first anodes 3L. ‘The potential across the condenser C' builds up according to an 


sathode is usually of the oxide-conted type with a separate heater law determined by. the time constant CR of the circuit, which 
enthode is usually of the oxide-coate I the first part of its range is nearly linear, At some potential btween 


aside from its high efficiency in producing electrons, operates at find 300 volts, dependent on the shape of the electrodes and the pressure 
perature sufficiently low so that light from it does not, illuming The £48, the neon tube breaks down, and the condenser discharges very 
screen. It is surrounded by a focusing eylinder with a partial . At some lower voltage the neon tube goce out, and ghe charging 
outer end, which is connected directly to the eathode when the is resumed. If the resistance R is replaced by a two-eledfrode vacuum 
anode is used. In tubes with residual gas the exact focusing of the Minit’, curvature of the exponential ldw of charging may be partially 


is attained by varying the negative voltage applied to this eylind Beigated for bi oe ohana py cree ieeres Ln as ee volte 

The electron strea ay be deflected by a transverse magnell s varied, The frequency at which the condenser charges and dis- 

Pee ogo a Dee aailavted by. a Cinna en: pends on the time constant CR of the charging cireuit and is con- 
electric field, applied beyond the first anode in the region A Be varying thighs qiandties: cPreqdsnsien Goretine chostanga trom 
electrons have a constant velocity. ‘The losses inherent in # 0.0 ae a oa ye ae forms thee spread Cutan tee 
necessary to produce a transverse magnetic field limit their E Will drift along the time axis unless the two frequencies are exactly 
eases. The transyerse clectric field is applied through four di ;OF ave simple multiples. Tt is very convenient to have the pattern 
plates symmetrically disposed around the tube axis. When adi Mary. ‘The two frequencies may be synchronized by using a thyratron 
of potential is applied to either pair of opposite plate: ‘eae c er yaicetrode garfilled tubo in place of the two-electrode neon tube, 
electrons is deflected toward the positive plate through an angle he ri rom the source of the wave form under observation is applied 
i esi of the electric fiel cht 3} the otic of the thyratron, When the control circuit is adjusted to produce 
eee aN bes gth Kad ue es sts he ee ee bright spot ona The Wstely the correct frequency, this added voltage is sufficient to trigger 
cent sereen, which marks where the electrons Kf 3 B, ischarge and maintain exact synchronism, 


moves proportionally, A voltage applied between the other pair of ie ls cgi 
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A time axis may also be obtained by viewing the sereen on a Its zero may be suppressed mechanically to give the effect of a 


minor. "The pattern will be stationary. when the speed of revolitil ihenee a greater accuracy of reading. Switehes K and Ki 


irror i ae iple iven Wa Sefhrown to connect the potentiometer to the a-c voltages and the a-c 
aaierog ff. xact, mania OF Nb Srecroney ot ee iret wa en ijusted to produce the same deflection in ammeter I. Vacuum-tube 


i : > heat js sae tind rectifier voltmeters whose resistances are large compared with 
ered PEDO ESS Bed es Blog pootoerap hina sistance of the potentiometer may be calibrated directly, without using 
obtaining a time axis just described, ‘The time axis may also be phase stile’, {Renn may’ be calenlated from the settings of the contacts 
by moving the photographic film itself. In this case, and) alsa ee ates ‘ . 
revolving-mirror method, the screen must be of the type in 
fluorescence does not persist, else the trace on the film will be Bi @ | 


Screens with persistence times as short as 25 microsee. and as 
50 millisee. are available. The latter are useful in viewing ae pas > =| 
phenomena and in television, where it is helpful in reducing fii aS afr Eps 3€ 


COMPARISON MEASUREMENTS 


82, Comparison of Voltages. A steady voltage may 
with the difference of potential across a resistance-carrying ew 


the use of the simple potenti ae) Og 
sii cm shown in Fig. 32a. I Oés 3 | 
Ly pg) A battery Fi causes a sla Zz Bt 
OLR je aifs| OF # jc flow in aresistance R. The (©) 
| : voltage E is connected to Fic. 33.—Dryedale potentiometer. 
e — 1], ance ‘through a galvano : 
* — the resistance is adjusted to 33. Comparison of Frequencies. Two nearly equal frequencies may 
deflection of the galvanomets fompared by measuring in a suitable manner their difference in fre- 
©) () ‘voltage B is thon otal to say ney. When the two frequencies are in the audible range, this differ- 
pop 1. 3 Sooo Se il appear as an audible beat—a waxing and waning in intensity 


Fic. ies ? es: h be d hy Dears 
es a ea eal hen be made oye aa hich mar be counted if it 4s less than 10 beats per second. If the beats 


resistance. in the two cases are the same’ faster than this or if the beating frequencies are above audibility, the 

‘at balance no current flows must be rectified and a beat frequency produced. ‘This beat fre- 
vanometer circuit. ‘The two voltages are thus proportional to the twa (ney may then be measured by a suitable frequency meter. The 
ances. ‘The potentiometer may be made direct-reading in voltage by: inicy of the comparison depends both on the accuracy of measurement 
standard cell for one of the comparison voltages and connecting it acro the heat frequency and on the ratio of this frequency to the original 


portion of the resistance that the current must be adjusted to a predet Se ak eeenieaie ta waeaat te the mardi : 
decimal value in order to obtain balance. The unknown voltage 's. The beat frequency is usually kept in the audible range. 


connected through the galvanometer and balance is restored by a If tho two frequencies to be compared are not nearly equal, so that th 
of resistance #, which may now be calibrated directly in volts. duoney ditteronve wa large and above audibility, audible beats may usually 
for this type of measurement are shown in Fig. 32b. Obtained between some of their harmonics. For a beat frequency b 
; 4 Iween tho mth harmonic of a known frequency f and the nth harmonic of 
‘Pwo alternating voltages may be compared by the potenti Riknown frequency /*, the expression giving jis 
principle only when they have the same frequency and the same ¢ 
Chey must at y instant be equal and opposite in order that the} » mf tb 
nometer in series with them shall show no deflection. Hence the P tan 
ometer current must be taken from the same source as the volta 
measured, and some form of phase-shifting device must be pro considering which harmonic, mf or nj" is 
which the output current is independent of its pha larger. Sufficient harmonics are usually present in most frequency 
Bes for the purpose of this comparison, especially when emphasized and 
Drysdale used a two-phase induction regulator, feeding one phase “ by the use of tuned cireuits,. They ean always’be produced by the 
‘a resistance and the other through a capacitance in, order to obtain the “ctifier tube. 4 “ 
currents in quadrature. Such a device ? is shown in Fig. 33 connee binyl 7, most Precise measurements the known frequency is a multiple or 
ntioneter. The galvanometer Ga is an o-c galvanometer# r ‘ple of a standard crystal frequency, obtained from the various multi- 
sensitivity comparable to that of the d-c galvanometer Go. Since. 


@ 


tors driven by the standard. For less precise work a variable standard 


Fae aircon ae voltage: & standard bell incaed to erljuat the on Ne used. “The beat frequency is then made zero, Such a variable 


current to its proper value. ‘This value is read on a transfer alll iency oscillator, called a heterodyne oscillator. will have a limited fre 


which may be either of the electrodynamometer or insulated heater ¥ range, even’ though provided with multiple coils. Properly chosen 
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for range, it may be used to measure a super-audio beat frequency, 
might be obtained when comparing two very high frequencies. 


Frequency is measured in terms of inductance and capaeii 
means of a tuned-cireuit frequency meter consisting of a variable 
tance and a set of fixed inductances, The frequency range 
to each coil determines the accuracy of setting, which ranges 
per cent to 0.001 per cent. Resonance is indicated in a variety 
thermocouple ammeter, heterodyne zero beat, or reaction on ano 
these being arranged in the order of their accuracy. In the third 
the frequency meter is coupled closely enough to the oscillator 
frequency is being measured so that either the amplitude of its 
is affected or its frequency is altered. The frequency alteration’ 
more precise method but demands for greatest accuracy a seeond 
tor set at zero beat with the first. When the frequency meter is in 
resonance, the zero beat note of the two oscillators will be unaffe 
the second method a vacuum-tube oscillator is connected to the 
meter so that it really becomes a heterodyne oscillator. A sere 
tube, operating as a dynatron oscillator, may be connected to a fi 
meter without the addition’ of extra’ coils or taps and converts it 
heterodyne-frequency meter. 

34. Comparison of Impedances. An unknown resistance 
compared with a known resistance in a number of different ways. 
the known resistance is variable, a substitution method may be 


‘The unknown resistance X is connected in series with a battery and 
galvanometer g, the shunt resistance Jf having been adjusted to all 
scale deflection. The known variable resistance S is then substi 
X and the same current allowed to flow. Its value as thus det 
that of the resistance 8. When the known resistance is not eon 
variable, the value of the unknown resistance may be interpolal 
the two readings of the meter. This method is frequently used for the 
urement of very high resistances, such as insulation resistances from @ m 
up. | ‘The known resistunce is rarely larger than 1 megohm; hence under 
conditions different values of the shunt M are used for the two measw 
The method is not applicable to measurements with a,c. because the 
angles of the source and load are indeterminate, § 

‘Two resistances may be compared by connecting them in series and 
uring the voltage drops across them by means of a high-resistance voll 
Since the same current flows in both resistances, the value of the ul 
resistance is 


Ex 
ttre). 
where Zr and Es aro the voltages across the unknown and known a 
respectively. Except for the case of equal resistances, the resistance: 
galvanometer must. be either very large compared with the resistances 
measured or a correction must be made for the current taken by 
vanometer. ‘This method may be used with a.c. to compare all 
impedances. Hither a vacuum-tube voltmeter or a high-resistance 
voltmeter must be used, since correction for the current taken by the 
meter is difficult. The polarity of the voltmeter should be maintained 

measurements in order to eliminate the errors of these voltmeters 
even harmonics, The upper limit for frequency is that impo: 
frequency characteristics of the known standard and by the capaci 
ground of the voltmoter in its two positions. 
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jwer factor of an unknown impedance may be determined by the 
Mmetcr method, in which the voltages across the unknown and 
jmpedances and that applied to the two in series are read, ‘Tho 
fecnutions concerning polarity and capacitances to ground apply 
h the two-Vvoltmeter method. ‘The vectorial relations between the 
voltmeter readings together with the voltage components of the 
pedanee are shown in Fig, 34, 
essions giving the unknown impedance 
, reactance X, and power factor 


4.—Vectorial re- 
lations in three-voltmeter 
cireuit. 


85. Variation Methods. Tho total resistance of a circuit may be meas- 

hy the resistance-variation method. Since with a constant applied 

the current flowing in the circuit is inversely proportional to the 
Tesistance, the circuit resistance is given by 


(10) 


1 is the initial current and I’ the current which flows when the resist- 

Sisndded. A plot of the reciprocal of the current flowing for different 

of the added resistance against that resistance gives a straight line 

hegative intercept on the resistance axis is the circuit resistance. The 

ance necessary to halve the current is also the circuit resistance. 

tnethod js sometimes used to measure the resistance of a sensitive 
Wanormotor. 


‘The resistance-variation method may be used with a.c, provided the 
it is tuned to resonance, ‘The necessary connections are shown in 
85. By reducing the reactance of the cireuit to zero, the same equa- 

tions and procedure may be used as for d.c. 

‘The ammeter used is usually of the thermo- 

couple type. Halving the current on such a 

meter quarters the defiection; hence this type 

of measurement is sometimes called the quarter- 
deflection method. The ammeter may be re- 
placed by a vacuum-tube voltmeter connected 
aeross the condenser. This arrangement is 
more sonsitive than the thermocouple ammeter and simplifies the 
Wing of the circuit by eliminating one series element. ‘The upper 
lor frequency is set. hy the frequency characteristic of the known 

Hance and the capacitances to ground of the different parts of the 

‘This method is the one usually adopted for the measurement of 
stance of inductors at high frequencies. 

a ances may be compared in a tuned cireuit by a substitution 

The cireuit is tuned to resonance both when the unknown 

hee is connected in cireuit and when it is disconnected. The change 


Added-resist- 
“hee method. 
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1) 
in reactance of the variable standard, with which the circuit is ometer @ is connected between the junctions of these pairs of resist- 
equal to the unknown reactance. When the unknown and know al "The condition for a null deflection of the galyanntasisa is that these 
ances are both inductive or both capacitive, the value of the qo junctions are at the same potential. Equating the voltage drops 


inductance or capacitance is obtained directly, independent of fre ao Ule =8 an 
tho two reactances beng connected in series ¢ inductive, andum Aly = Uly ond BIn = Sle ay 
if capacitive, For these pairs of measurements it is unnecessi Hinco no current flows in the galvanometer, 
the currents be kept of the same value. gen tou A 

Air condensers are much better standards at high frequenei yay oh Uz (12) 


inductors, and it is therefore usual to measure an unknown induct 
Hemiots vauablé oondeuser, Small inctsatsneee are comma J ato are are usually only variable, in steps of 10 0 that the 
‘i ‘tl " 1 @ is eH y varying the known resist 4 
yl resistance of the unknovn reactance may be determined by Ee nae nips the accuraey ranges from 0.1 to 0.02 per cent. 
the current at resonance when it is connected in circuit an ine i lished by sliding contact-deeade switches or taper 
adjusting the current to this same value by adding suflicient Pe ae oeide arms are reversible, . ‘There are four to six decades 
when it is disconnected. ‘This added resistance, corrected for the he known resistance, hundredths to, hundred thousands, and up to 
al Gn uakouaiscibincs Tis ebcniet eee ae ration, 0.0001 to 10,00, “Comparisons of resistances om tho best 
a ah eh Re err variaDle ream gs sing sealed standards, fat merenry contacts, and a temperature; 
ania ea rseirat by the adided-reseignde mistho doee am roel oil bath may be made to 1 part in 1,000,000, which ss beyon¢ 
follows a definite faw, and this fet may Be uesd in tits tyre chem feaecuracy with which the primary’ standard of resistance is known. 
e nts! | fe i itivi » mill detector necessary to attain a given accuracy 
weTe tntal resigtanse of Se Vinéd “eireait 7ay. also bev NE ety ote ao be decays magnitude of the resistances 
detuning the circuit. This method is called the reacta the bridge arms and the bok piped. fn. a S ridge. 
method.?_ The change in reactance necessary to-halve the squal ee o!tage ¢ to the input: voling: 
rent (deflection of a thermocouple meter) or to reduce the readit A/B 


= tb 13) 
vacuum-tube voltmeter in the ratio of 1 to \/2 (0.707) is equal e 
resistance of the circuit. The resistance of an unknown reactance 
found by again measuring the total resistance of the cireuit wh . 
unknown is added, The difference in cireuit resistance with the the resistance of the null detector and dis the fractional accuracy of 
in and out is the unknown resistance, The circuit, resistance manded. Vor an equal-arin bridge 
one case can also be found from the other by multiplying the G/B 
cirenit resistance by the ratio of ie voltmet — 4 (14) 
——ih)i——— ings at resonance. B 4148 


D-C BRIDGE MEASUREMENTS Is ratio lios botwoon 34d. and. 24d for ratios of detector and bridge-arm 


36, Whenever two resistances or imped tance : ind i . In general, its value decreases rapidly 
compared by matching or comparing the defl ’ Ne auras and when the detector resistance is 
of any deflécting instrument, the accuracy Compared to them. On this account resistances above a megohm cannot 
measurement is determined’ by the aceut uirately measured when a d-c galvanometer is used as a null detector. 
reading of the deflections themselves. TI ‘or « very high resistance detector, Eq, (13) becomes 
racy may be utly inereased by adopting . 
method, in which a certain relation of the # 
ances being compared is indicated by a zero 
: tion, As this condition is approache 
Pra etiaagh heat Sensitivity of the indicating instrument may Ay} is independent of the ratio 8/B, ‘This condition may be realized by the 

__ 87. Four-resistance Network. ‘The simp He eee ot rere connected from tho junction of the highest 
resistance network invented by Christie in 1833 and exploited by lances to the junction of the lowest. ‘The battery, on the other hand, 


u 


stone ten years later is shown in Fig. 36. be connected across the higher and lower resistance pairs, so that the 
Ake baths are provided for the current, one through the ratio arm Sunt of power drawn by the bridge is a maximum. 
, the other through the unknown and known resistances U and S: 39. Slide-wire Bridges. When the known resistance is fixed, the 


Perey PHdge must be balanced by varying one or both of the ratio arms. In 


» Proc. I.R.E,, 26, No. 12, 1466-1497, 
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the slide-wire bridge shown in Fig. 37a the ratio arms A and B » four-terminal resistances cannot be compared on the ordinar 

of a single uniform resistance along which the contact of the pone bridge. They may be measured on the Kelvin double 
galvanometer may slide. The position of the contact is read asa, chown in Fig, 38. ‘The two four-terminal conductors U and 
measured from one end, the whole length of the scale being L d dee onnected in series, leaving an unknown resistance M between 
‘The value of the unknown resistance in terms of these distance adjacent potential terminals. | The bridge is balanced by adjust- 


1 afthe standard resistance S, ‘The value of the unknown resistance 
BSS poe iegiven by 
When the known and unknown resistances are nearly equal, the 


of measurement may be inereased by placing extension coils 
with the slide wire as shown in Fig. 376, ‘The slide 


A 
u =45 (18) 


the double ratio arms are proportional, satis- 
the condition A/B = a/b. 


A-C BRIDGE MEASUREMENTS 


Four-impedance Network. When an alter- 
voltage is applied to the simple Wheatstone 
of Fig. 36, the conditions for balance of the 
involve the impedances of the four arms, as 

nin Fig. 39. Fie. 39.—A-¢ bridge. 


null deflection of the a-c galvanometer or telephones the two junc- 
feross which it is connected, must be at the same potential at all 
sof the a-c cycle. Equating the voltage drops along the two parallel 
‘offered to the flow of the a.c. 


Zala = Zele and Zsle = Zsle as) 


ih 
z 


le 


<L> 


C) (b) «e) in Fi 
Fre. 37.—(a) Slide-wire bridge; (6) bridge with extension arms; Oe oe A ee 
Foster bridge. : 0) 
z= ix 20) 
to read directly the percentage error of the unknown isa 
terms of the standard resistance S. . since no current flows in the galvanometer, 
‘Two nearly equal resistances may also be compared by mean 2x. 22 (21) 


Zn Zs 


Handing these vectors into their rectangular components the two condi- 
of balance are 


Carey Foster bridge shown in Fig. 37c. This is a slide-wire 
which the slide wire is placed between the two resistances beil 
pared. ‘Two settings of the slide wire] and 1’ are made with th 

in ances U and § as shown in Fig. 38 and tt 
a 


(22) 


The value of the unknown resistance i+ 
U=S—(—-l)p 


A _U , XsXe—XeXv _ Xv 
B BS Xe 


sistance components of the four arms are represented by the four 
A,B, U,S8 without subscripts. If the ratio arms have no reactance, 
HX, = Xy = 0, these conditions reduce to 


where p is the resistance per unit length of th 
wire. 


Bridge. Ia the measurement $-3-% ed 
c Jess, the variation in contact resistt 
its terminals and the consequent variation Wo renctances must have the same ratio as their resistances and as the 
a lines ofcurrént flow near the torte rms. Considering the reactances as both inductive or both capacitive, 
Fio, | 38.—Kelvin ce appreciable errors. To overcome 
double bridge. culty, low-resistance standards are always B 7 4 (4) 


LS four-terminal ances. All ammeter shull! 
so constructed, i¢ two potential terminals are placed between i 
rent terminals and the Tesletance proper. The ate of the resi whic} rae These equations cover all the types of bridge measurements in 
that between the potential terminals. ilar impedances are compared. 
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42. Power Supply and Null Detector. The power source 
and radio frequencies is usually a vacuum-tube oscillator, 
supplying several hundred milliwatts of power at varying 
up to 100 volts. At the low audio frequencies, a-c generm 
rotating parts may be used, as well as the commercial power 
at 60 and 25 cycles. The null detector most frequently used int 
range from 400 to 5,000 cycles is the head telephone. Vibrati 
nometers and a-c moving-coil galvanometers are used at 
quencies. Rectifier voltmeters are used for all frequencies up 
cathode-ray and “magic-eye” tubes up to 1 Me, and vacuum 
meters at all frequencies, At super-audio frequencies a he 
oscillator and detector may be used to produce an a-f beat nm 

n then be observed by any of the methods deseribed. Radio 
oscillators may be modulated at 
output observed on a radio receiver, 
quency range from 10 ke to 30 Me. 

Vacuum-tube amplifiers are used with all ty of null de 
give increased sensitivity. The amount of amplification 
to give any desired accuracy of balance may be determined by E 
when the generator is connected across resistive ratio arms. | 
generator is placed across unlike arms, one resistive and one reacti 

<pression becomes 


Il-wave receivers cover 


At the most Eqs. (15) and (25) differ by only a factor of 2. 
equations hold exaetly for the larger component of impedanee, pf 
that the square of the ratio of the small to the large component is 
ble compared to unity. The value of e/E for the smaller compo 
then less than that for the larger component by their ra’ 1 
tion and a-c moving-coil galvanometers are about equally sensiti 
a minimum detectable voltage of 20 nv, although a moving-coil 
nometer can he built with a sensitivity of 0.1 uv. Head telephone 
next with a minimum detectable voltage of 400 xv, ‘Then in 
“‘magie-eye” tubes at 20 my, vacuum tube and rectifier voll 

100 my, and cathode-ray tubes at 1 volt, 

A considerable amount of selectivity is desirable in a null de 
eliminate the effect of harmonies in the generator and harmo! 
duced by non-linearity of the unknown impedanee, This can hep 
by a tuned circuit in the amplifier or by the degenerative feedbael 
fier described by Scott.t This latter amplifier is particularly 
because it can be made continuously adjustable over the entire af 
‘The former gives a discrimination of 25 db against the second ht 
and the latter 40 db. ‘The vihration galvanometer is extremely 
and offers about 70 db against the second harmonic, ‘The a-e ga 
eter is phase sensitive and responds only to that component of the a 


ance voltage whieh is in phase with its field, Tt can therefore be mil 


respond to only one component of bridge balance at a time by con® 
its field to a suitable phase-shifting network. The cathode-ray tu? 
be used in a somewhat similar manner by applying the bridge voll 


1 Scorn, H. H., Proc, I.R.E., 26, No. 2, 226-235, 
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i deflecting plates as a sweep circuit through a phase shifting 
rk.! ‘The general pattern appearing on the screen is a a - 
fre, which at balance reduces to a horizontal line. ‘The phase of the 
‘voltage can be so adjusted that one component of bridge balance 
P {he cllipse while the other tilts it. aaah 
Bridge Transformers. ‘Transformers are used to 3 rh eee 
lance of a bridge to that of the generator or detector es to is i 
bridge electrostatically, One junction point of the bri ge usual y 
it between the two impedances being compared, is grounded, ree 
ndirect impedances are measured? The capacitances to ground of 
trinsformer, generator, or detector not connected to this grounded 
fon are placed across the two bridge arms whose junction point is 
anded. ‘The effect of the ground capacitances of the eee or 
eetor connected to the transformer may be removed Laks ued 
unded shicld between the primary and secondary windings. An 
ince bridge with such a transformer connected across its ratio arms 
is shown in Fig. 40. The terminal capacitances Cre 
and Crs are placed across the bridge arms U and S. 
They are usually of the order of several hundred mi 
cromierofarads and may therefore introduce serious 
errors. The direct capacitance between the two 
windings may be reduced to 2 few tenths of 1 zuf. 


eee 


<x Crs 


Fic. 40.—Imped- Fic. 41.—Bridge-transformer capac- 
bridge with tances. 
isformer. 


Sand o ing it to the junction of the ratio arms. : 
Eiridge Berra,” bagels introduced into the arms of a becee 
@ wiring of the bridge and by the generator and detector cause the 
serious errors in bridge measurements, ‘These residual reactances 
¥ be inductances in series with the bridge arms and capacitances in 
lel with them. ‘The effect of such residuals in the ratio arms may 
by rewriting Eq. (22) of Art. 41 in the approximate form 
H., Rev. Sei. Inst. No. 9, 272-275. 
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Ly =Ls' —Is Cu =Cs’ — Cs . (29) 
= Abs = ACs 


Pee 1 
 ~ gE + Qa - Qn] = {2 — Qa — Qa 


Ds — Dv = Qa — Qu 


where the storage factors Qs and Qz and the dissipation factors Dy 
are of the form 


sponding expressions for the resistances are 


(30) 
=sS +4R 


aro pro :diference of the Gry Gai rede ars 
factors of the ratio arms, multiplied by the dissipation fae eiouna 
impedance arms for the reactance component, and divided " 
dissipation factor for the resistance component. For imped: pa Rett 
small dissipation factors the error is confined to the resistance eon "“GitG 
for! ‘impedanoos with large dient ation factors to the reactanos Galil 
ual reactances in the impedance arms produce at low freq ae - : 

errors proportional to their ratio with similar reaetances in the icscoe toe chaatiiy BCs Soren ot; puncte ta osm Salenenre 
Series inductance introduces large errors in measurements © "of the setting of the condenser. ‘This follows from the more general law 
inductances; parallel capacitance in measurements of small capaci for an air condenser, in which the losses occurring in the solid dielectric 

The effect of residual reactances increases with frequency, tl dependent of the setting of the plates and for which the power factor 
factor of the ratio arms being of the form Q = wL/R for series ind bthe solid diclectri dependent of frequency, the quantity RwC? is con- 


a i idges da This law holds with increasing frequency until the losses due to skin 
sod) @'=eC- tor’ parallel expsonsnde.. » Hende. Brdees a in the plotes and supports become appreciable. 


operation at frequencies much above 100 ke must have equal ratio rice reniatanse nt the si in 
a “ 25 ° plates and supports of a well-designed air 
aie the emee of equalizing their sone: ser is of the order of 0.02 ohm at a frequency of 1 Me.! This resist- 
residual inductance-in the impedance arms is in series with a cap as the square roct of the frequency because even at 1 Mc the 
the effective capacitance of the combination is Bi efiect is complete. By shortening the leads and by connecting to the 
and rotor at geveral points, this series resistance can be reduced to 

é c ohm at 1 Me. 


“i-o0, 


(31) 


which increases indefinitely as the resonant frequency is appr 
For an inductance of 1 uh, the approximate value for a constant E 
ance three-dial decade resistor, and a capacitance of 1,000 puf the 
frequency is 5 Mc. Even the lowest inductance which a 1,000- 
denser can have, 0.006 uh, gives a resonant frequency of 65 Me, 
The errors introduced into bridge measurements by reac 
the ratio arms may be minimized by the use of substitution 
‘The effect of capacitances to ground and the effect of the renetanee 
leads tothe known and unknown reactances may also be greatly 
Both reactances are connected in the same arm of the bridge, & 
reactance being placed in the other arm, Two bridge balane 
obtained, one with the unknown reactance in circuit, the second 
disconnected and its impedance replaced by the known variable re + 
and the added resistance. Induetances are connected in series, € Fie. 43.—Parallel-resistance bridge. 
them far enough apart to reduce their mutual inductance to a ™ A a 
amount, and the unknown is removed by shorting. Capacitane When two impedances are compared on 
connected in parallel, and the unknown is removed by diseonnee the conditions of balance (Eq. (24) of Art. 41] 
high-potential terminal. Both condensers must be completely st ion factors be equal. Since this will not in 
Ronidiels qronnded tagminals counested topether: e, means must be provided for attaining the resistance 
plest method is that of adding a resistance in series 
Distinguishing the values for the second balance, when the ua f ce having the lower dissipation factor. The connec- 


reactance has been removed, by primes, the values of the unknown ‘Or & capacitance bridge with the added resistance so arranged 
are given by the change in reactance of the variable standards. Fs ecll Dye bewtbana Peed Baa Nee Soe 7a 
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4) 


that it may be placed in either impedance arm is shown in Fig, 4 
method gives the series resistance and reactance of the unknown jt 
ance and can be used for dissipation factors less than unity, 
of the impedances, although essentially at 
B potential, can be grounded. é + 
Added resistances may be placed in para al capacitance C's and 
the two impedance arms as shown in Fj across the detector 7. i n 
‘This method gives the parallel resistance i Hithe arms Band S, the terminal capacitance C'rs is placed across the 
actance of the unknown impedance and fpedance arm S and produces an error in the determination of the direct 
iapacitance C’p unless the standard capacitance C's is very large eompared 
x, Any capacitance of the shield to ground is also placed across Cs, 
@ tho terminal eapacitance Cr: is pla 
s the generator FZ. If the direct capaci 
Cp is not surrounded by a shield, the 
al capacitances Cr: and Crz are to 
ound anc «neither of these methods is 
able. 


fia, 44.—Thomas’ 
method. 


adapted to the measurement of impedan having dissipation 
greater than unity. For small dissipation factors the shunting 
the parallel resistances is such as to reduce markedly the sensitivity 
bridge balance. One terminal of each impedance is grounded, 


Fic. 45,—Schering bridge. 


Fic. 47.—Measurement of 
direct capacitance. 


‘The resistance balance may also be made by adding suitable react 
the ratio arms. Rosa in 1907 suggested the use of series inductane 
Thomas in 1914 used parallel capacitance, as shown in Fig. 44. The 
equations are 


whence 
Do = Ds + Qa = Qu 


Schering in 1920 used a parallel capacitance across one ratio arm it 
voltage bridge connected as shown in Fig. 45, ‘The generator was 
from the junction of the resistance arms to the junction of the ¢ 
arms, both to minimize the power losses in the ratio arms and to 
stant the voltage applied to the unknown condenser. The junctio 
Fesistance arms was grounded in order to keep the ratio arms and 
at a low voltng respect to ground. bers acme ay an 
Any’ bridge, in which the tesistive balance is made by adding eapll Fig. 48,—Schering bridge with guard circuit. 
across a ratio arm, is now called a Schering bridge regardless of the post 


147. Guard Circuit. ‘The use of a guard circuit enables both direct 
PAcitance and its dissipation factor to be measured correctly *because 
eattinal capacitances are not connected ato an of pe oenks 
i 7 capacitance. Having: terttf A Schering bridge with guard circuit and shieldéd output trans- 
tanec to amoung cielo to ground may’ fe Ypres er is sine fa Ta She Wenninalenpactianes Cri placed 
three-terminal capacitance, as shown {1 Fig. 46. The capaci the guard capacitance Cy, while the other terminal capacitance 
between the terminals 1 and 2 is ealled the direct ‘capasitancls n ice the guard sircuit to the junction of the bridge arms A and Co, 
i : fale i : inect ¢ ae Standard condenser Cs is also a three-terminal condenser. 
{area Goran oe ae ne HYantages of this construction are that all losses in the insulating su 


tance Cp, and the two terminal capacitances Crs and Cre in seri i oo ahaa i 
direct capacitance may be measured on a bridge by connecting th fag” be carried to the guard circuit and that no capacitance will he 
to either of the junction points of the bridge, to which the direet, ;ictoss ratio arm B. The guard capacitance of this condenser Js 
tanee is not connected, These two connections are shown in Placed across guard capacitance Cx, Frequently this capacitance: 
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and the capacitance C'z: make up Cy entirely, and it becomes unn Je impedance, Ground may be placed at any corner of the bridge 

to provide an extra high-voltage condenser. ‘The transformer Hho junction @ of guard and coupling circuits, ‘This latter point is 

Senet sca heres gaa aa a a ee fa muany respeets beeause it simplifies the mechanical construetion of 
< ae z voids the need of any ed 8 Is. 

third shield and the bridge winding shield couples the guard cireu ene bridge must, however, he three-terminal impedances. 

junction of the bridge arms B and 8. : noint G also simplifies the construction of the three- 


Because of the existence of the capacitances coupling the gua feminal measuring cell by making it unnecessary to provide an insulated 
2 0 Besee, the we balance of the bridge involve the b aside the outer grounded case. 
of the guard cireuit. 
4 Zn _ ae 
u 4s Gu 
This is done by disconnecting one terminal of the output transform A, 
the bridge by means of switch K and transferring it. to the guard C, C5! 
‘The new bridge circuit formed by the arms B, S, F, H is then b - 
to satisfy the right half of Eq. (33), by adjusting the guard circuit 
cessive balances of bridge a 
circuits must be made until bot 
of Eq. (33) are satisfied. Theae Ly iy 
with which the guard cireuit U 
balanced in order that no appr 
error is introduced into the brid 
ance depends both upon the mi . ‘ 
of the coupling capacitances 48. Comparison of Inductances and Capacitances. An inductance 
the guard cireuit and the bi da capacitance may be compared directly by suitably placing them 
also upon the degree w ha thé four-impedance network, ‘The connections for the Maxwell 
bear the same ratio to cach o ge are shown in Fig. 50, 
the capacitances Cs and Cr. - 3 
cuit formed by these coupliti The balance equations are 
tances is called the coupling = “ 
Tta relation to the guard ciroult ’ os Ac ee 
ith in Fig, 49. By definition the \c0 
if ‘ireuit is that rai we co Qu = Qn 
hh soross the penerator, while Sia in tho « ‘ into the resistance balance and inay be 
cireuit is connected across the detector. ther erent can the in eee mas Oe econ Dal a ees 
composed of similar or dissimilar elements. it devised by are not independent unless condenser Cy is continuously 
ner in 1911 for the same purpose and called a Wagner ground wi co is added in series with the unknown inductor. 
Sompoeed of ee elements vo eed ates ae ratio a In th A bridge an inductance is compared with a capacitance in the 
the generator was also connected. By the above definition it was oF shown in Fig. 51. 
peting 2 he balance equations are 


58 


Fie, 50,—Maxwoll bridge. Fic. 51.—-Owen bridge. 


(85) 


Fio. 49.—Schoring bridge 
guard circuit and coupling « 


Balsbaugh! has shown that for the network of Fig. 49 the Ca 36) 
of balance are either those given in Eq. (33) or those given in Ly = ASCu and (36) 
x ee 
Za _ tu _ By 
3, "Fhe Qc =Q 
4p Zs) yw 4 . 7 js 
fs ireuit ire os en f | Fsistance balance is made either by having condenser Ca continuously 
If either the guard circuit or the counts circuit is partially b le or by mel resistance in series with the unknown inductor. 
the other circuit need be only partially bala: in order to introd! ae bridge may be considered the complement of the Maxwell bridge 


ance and eapacitance in the B arm connected in series instead 
lel, On this account, howover, it is not independent of frequency. 
Ponnections are shown in Fig. 52. The conditions of balance are 
ABSuiCs* 
“TF Be 


appreciable error in the bridge balance. Balance of both eireul 
be conveniently made without disconnecting either generator or de 
by connecting their junction @ to those corners of the bridge whil 

the guard or coupling circuit in parallel with similar elements 0 ASCn 


1 Barsnavox and Henzexnens, Jour, Franklin Inst., 218, No. 1, 40-07. 4 Le = TBR 


and U (37) 
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whence is valuable because the standards of frequency and resistance 
greater accuracy than the standard of capacitance. 
Bartlett! have developed this method to its greatest pre- 


if 
w=5, 


When Qu is greater than 10, the error in the expression for Lv caused n . 
lecting the frequency term in the denominator is less than 1 per 6 ithis method. is 0.003 per cent. j Z 
two bridge balances are not independent unless the condenser rhe Wien bridge also furnishes a very convenient means for measuring 
tinuously variable or resistance is added in series with the unknown vy in the a-f range. ‘The two capacitances are made equal, while 
ratio arms are made such that B is twice A. 
resistances U and S are made variable over 
ble range but are also kept equal. Thus the 
nce balance is always satisfied and the react- 
balance reduces to 


1 
I-30 a) 
‘a commercial frequency meter the resistances U 
8 are wound on woes ecards so shaped that 
freque: scale is logarithmic. This gives a 
nt fractional accuracy of reading. There 
Fie. 54.—Wi three frequency ranges, obtained from three 
bridge. ent pairs of condensers, each covering a range 
10 to 1 in frequency. The same calibration 
rves for all ranges. ‘The frequency limits attained are 20 cycles and 20 


Fig. 52—Hay bridge. Fre.53.—Resonance 


Fic. 55.>—Anderson 
bridge. bridge. 


‘61, Six-impedance Network. The si ce network was devel- 
d by Anderson to provide a modification of the Maxwell bridge which 

d render the two balance conditions independent even with a fixed 
capacitance. The connections are shown in Fig. 55- 


‘The general balance condition for the six-impedance 
network is 


This bridge is frequently used to measure frequency, usually im ] aliebes Saka) Melgelta re 2a) Teale GD 
. Avariable inductor is used, and the condenser may For the Anderson bridge this reduces to 

stops. A range from 200 cycles to 4 ke may be covered in three ran if 
requeney seale is irregular, owing to the characteristics of variable ind % 4 2 
and the various ranges cannot be made multiples of one another. ? Ly = SCo[ P(A +R) +4] andU = BS (4s) 
to the large stray field of the variable inductor, its magnetic pickup I 

siderable, A resistance balance must bé provided to allow for the " ‘The effect of losses in the condenser Ca is usually small. 
of the rosistanco of the tuned arm with frequency. o 


It is equally possible in the resonance bridge to ee the unknown in 52. Mutual-inductance Balances. ‘Two mutual 
and condenser in parallel. Equation (38) still holds except that pu mpared by means of the Felici mutual-inductance 
equivalent series resistance of the parallel circuit, ceshown in Fig. 56. ‘The known mutual inductance must be variable, 
the usual condition of balance, zero voltage across the null detector, 


Wo mutual inductances are equal. 


60. Wien Bridge. Capacitances may be measured in terms of 
ance and frequency with the Wien bridge, shown in Fig. 54. ‘The b 
equations expressed in their simplest form are 


Mv = Ms (44) 
gies eee tang ree IS ust. be so connected that their induced secondary voltages are in 
USCcCs CG; AU ion. Mutual inductance between them should be avoided. 


Four-impedance Network with Mutual Inductances. A mutual 
nce may be compared with a self-induetance on a four-impedance 
BU — AC fie’ by placing it between one arm and either an input or output lead 
= | od ime ize, as shown in Fig. 57. 
“a 40% and BanrLerr, Bell System Tech. Jour., 7. No. 3, 420-437. 


Solving for the two capacitances, 


Cu? 


Fi (CAL MEASUREMENTS 229 
228 THE RADIO ENGINEERING HANDBOOK moe 

e.. his is a considerable convenience at low fre- 

Giiy canta balenos equtalon toh Alea network re ed, maken it pombe to use the network at high frequencies 

Sake — Lalu —joM (Za + Zr) =0 ip at east, 30 Me, ; a at 
is ri st x aes for a null deflection of the detector is that sha ena 
Hor Campbell's arrangement of this bridge the two conditions of cuits of the-two networks shall be equal and opposite. 
come 


Ip + ly =0 (48) 


‘deri or impedances, 
sunvonts are best evaluated by considering the transfer impedances, 
Fo od.as the ratios of the input voltage to the output current. 


Ly = fa -(1 +4u) and 0 = Ag 


Z u Zatix 
Zap = p= ha + x +e 
BR yy + Geer (49) 
fox = 7 = hn + bp + 
Zaby Gp + Zoek 50) 
Bat ly + O9™ tl + ee + (60) 
Cu c c 
ay i A ly A 
Fic. 57.Comparison of mutual Fre. 58—Carey Foster R Cr 
with self-inductance. inductance bridge. 
A substitution method is usually adopted so that the inductance an a E T 
ance of that portion of the mutual inductance connected in the 8 
not be known. When the ratio arms are equal, the extra balanei Ly 
ance represented by Lv of Fig. 57 may be eliminated by providi C. C G 
tap in one branch of the mutual inductance. “This connection & a WAR, 
Teferred to as the Heaviside eqi .00.—T network having nega~ Fic. 61.—Par- Fic. 62.— 
P Ip _— bridge. : - EE tive transfor resistance. allel 2 usbwor ker Ald BHCeae ae ae 
A mutual inductance may be equivalent to work. 


with a capacitance by means o} 


Wien bridge. 
Foster bridge, shown in Fig, 58. 


ditions of balance are Under somewhat restricted conditions this equation ean betextatied 

thuse the impedances are complex quantities. While any of the erms 

Cy = and U= (Z E Ea, (50) can contain negative reactances, only the produet terms ean 

Fra. 59.—Parallel T network. 4 : ©A negative resistance. ‘The only two ‘T networks having sneuativa 
‘The impedance of the B arm is made zero in order to make the tanee component of transfer impedance are shown in Fig. 60. On 


independent of frequency. ‘The jnethod suffers Booause the rai , it creo =k ena ieee Sn rene S| 

self-inductance of the mutual inductance enter into the expressions ‘ep Wich can be balanced. | aa ae is 
unknown capacitance and its resistance, respectively, Capucitanee 55, Parallel T Networks. ‘The parallel T network shown in Fig. 61 is 
the two windings of the mutual inductance causes the voltage induc 


valent to the Wien bridge! and has similar balance equations. 
secondary to have a phaso angle with reference to the primary curren 
i 


Cz_ 1 _ AN 5 
ent from 90 deg. ‘This reduces tho calculated resistance of the Ol Cp + Cr_ Ope Oe aries (61) 
and frequently yields negative values, especially fo, large gaica €0 = HOC ene Cr HA+N 

‘Tho mothod is perhaps better suitod for the measurement of @ IUUl 


h the? rigal and when in addition 
Vance in torms of w known condenser. alien both of the T networks are made symmetrical and 1 
Is mado twice Cy and A is made twice H, the resistance balance is 

T NETWORKS a 


YS satisfied and the reactance balance reduces to 
54. ‘Two or more I’ networks connected in paralfel provide a me 1 
null balance which in many respeets is equivalent to an a-c bridg 5 = 52405 
The connections ee two T SCs shown in Bie. ve <a 4 
important feature of the network is that generator an detector ich is identical i with Bq. (41). 
common terminal, which can be grounded. Hence no shielded | Bey tentical in form iq. (41) 
‘Torri, W. N., Proc, L.R.E,, 28, No, 1, 23-20, rea 
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* Hos? 


SECTION 8 
VACUUM TUBES 


and oA 


whence 
Qa = 2HwCr. fi 


1 
oan balanoe the sa generator voltage appears across the indy By J. M. Srincurtexp, B.S. 
on (re Junction of generator and detector is grounded, the ¥ 1 Phe electron is a negatively charged particle of electric~ 
capacitances of the inductor are placed across generator and deteot Flector. Thomson ciseovered that the cathode rays passing from 
the direct impedance of the inductor is measured. vathode, to the anode in a gaseous discharge, were moving, negatively 
References urged, particles. He measured the ratio of the charge 0 pees 
Botton, E. P.: “Electrical Measuring In: EB, P. Du articles and termed them corpuscles. jomson’s CO! les 
Brod ory 1928 ey ree nium teecumas now commonly known as electrons. "rhe cathode rays or streams of 
mows, Hi. A.:“ Radio frequeney Blectrical Measurementn” 24d, MeGen ietrons are deflected by either magnetic or electrostatic fields. ‘They 
y » New York, 1938, ‘mechanical force sufficient to turn a vane in a vacuum or to heat the 
et they strike. Fe 
Electrons in an Electrostatic Field. An electrostatic field exerts a 
upon an electron. If the field intensity is X and the charge on the 


i e, the force f acting on the electron is 
‘M.: “Electrical Meters,” McGraw-Hill Book C y, Ine, 4 
, A. E.: “Electrical Vibration. Instramenta’’ The. Mace allan f= Xe @ 
Tawa, F- 32 | Hlectrical Measurements," 2d ed., McGraw-Hill Book Comp ‘the mass of the electron is m, the acceleration a will be 
Leeds & Northrup Company, Catalogue. _ Xe ©) 


Mounts, B. B.: "Radio Prequency Measurements,” 8d ed., Charles Grifin & on 


Staring, S. G.: “Electricity and J iam," Ta * : : 
ae Pik MERA RLS RONNIE The forco and acceleration on the electron will change if the field 
Pe A eg Meaaurements in Radio Engineering,” MeCraw-Hill Book G nsity changes. ‘The force is in the direction of the field at the point 
Weston Electrical Instrument Corporation, Catalogue, sidered, the electron tending to move toward the positive. 

Tia unitorm field the work HW" done on an electron in moving between 


Points distance s apart will be 


we 
aon @) 


Xv is also the potential difference between the two points, calling 
Potential difference V, the work done on the electron is 


W=Ve 


J tho fold is not uniform the line integral of the force and distance 
Mtdloss of the path between the two points will give the work done. 
Work done on a unit charge moved between two points defines the 
tinl difference between the two points. The work done on an 
© moved hetween two points of potential difference V will be 


W=Ve (4) 


Mginoring Departinent, RCA Manufacturing Co., Ine., Radiotron Division. 
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Velocity, Centimeters 


If the velocity of an electron is changed by an amount v in Volts per Second 
between two points, the change in kinetic energy will be 10,000 0.586 X 100 
mou® 100,000 1.04 
> 1,000,000 2182 
i i tial ene’ i i lectrons in an Electromagnetic Field. An clectron moving with a 
Gopaew eee fina in hn cloctromagnetic feld of intensity: Hs weted on by a force 
Ve ; f= He (8) 


The change in kinetic energy is equal to the change in p 


direction of the force is at right angles to both the direction of the 
energy, and 


#11 and the direction of motion of the electron. 


ry = mat force f is effective in producing an acceleration: 
Vo = me 
: He ra 
The velocity acquired by an electron in passing between ™ 


of potential difference V is 


ho acceleration is at right angles to the direction of motion. If the 
fron moves unimpeded and the field H is uniform, the path will be 
rand of radius 


v=\ 
m 


The potential V is in absolute ¢.s.u. in the relations abovt 
potential difference in volts divided by 300 is the potential difit 
absolute e.s.u. 


The ratio of the charge ¢ to the mass m of the electron is 
6 _ ATT X 

m 8,999 X 1 

The electron velocities corresponding to various potential differe 
shown in the table. When the velocity becomes greater the 
one-tenth the velocity of light, the apparent mass of the electron i 
enough to cause a small error, The error in using Eq. (7) is le 
one-hait of 1 per cent for potential differences less than 300 volt 


v mv 
Sa et i) 


Current Due to a Stream of Electrons. A current ¢ is definec by 
Mt quantity of electricity q flowing per unit of time. If there me % 

tirons per unit of volume in a certain space, the quantity of electricity 
lsapace is ne per unit of volume. 1 these electrons are moved wit 
velocity v, the quantity flowing per unit of time is the current 


i = nev (11) 
this is the current per unit of area at right angles to the direction of 


= 5.305 X 10” e.s.u. per gm 


5. Space Charge Due to a Cloud of Electrons. If in a given space 
a n electrons per unit of volume, the volume density of electrifica- 


Velocity, Centimeters 
per Second 


Volts: 
1 9° 00595 x 10:0 (sabe (12) 
6 Gels: € potential distribution in the given space due to the electrons is 
Bas q 
Ze 27 27. at 
: OY 4 OY EY tap (13) 
2 See ae 
: qinibe case of large parallel plates, only the distance « between plates 
% 9.0481 be considered. Equation (13) simplifies to 
av 
70 0.0493, =—=- 
80 0/0582 ag = 4"? (14) 
90 0.0564 Surrent iis flowing and the electrons move with uniform velocity » 
100 0.0595 charge or volume density of electrification is 
200 0.0841 i 
800 0.103 p= () (15) 
G 
400 0.119 ‘ at. tot, 
0 or138 Emission of Blectrons. Certain intornal forces existing at the 
ah aes of substances prevent the escape of the free electrons unless a 
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certain amount of energy is supplied to the surface. In the; jission current from the substance at different tempera- 

of radio tube, the electron-eniitting filament roverial i Oe oMWalues of flog I, 2 loge 1] are pitied surance LEY: 

the heat energy of an electrical current sufficient to cause Mt should bo a straight lino. ‘The interoot of this line with the 

electron emission, Emission excited by heat energy is kno ives the Mats Joes ae eid ao Eee ne vaianaols within the 
i¢ ission, ys (16) at % % 

pe aero crate auitsoay bavmedeted by electrons imp of temperasures--Whan Cie couatentte are thnown 1s 26,4016) 

substances with sufficient velocity. For example the cleches nts for Eq. (17) may be caleulated fro 

by the hot filament of a radio tube may be accelerated toway 4 Ty +09 (as) 

A positive voltage. Ifa groat enough velocity is reached ang b= [oo - 15 
Will have sufficient energy to release one or more electrons from Lay (a9) 
Ths: known as ceonary eeehon As = (0.223A,7-] 

'he energy supplied by light is sufficient to cause emission i ‘ nd oxide- 
substances. ‘This is the type of emission emploved iui ffon-homogencows Emitters. Mor thoriated tungsten and oxide, 
and is known as photoelectric emission, peters ie Bane ne cae The Careen Deke shew 

trong electric fields acting on gases or vapors may e sencomsing a8 well as on the miatenals. 
particles to collide with sufficient energy to release electrons fi data relative to pul 

Chis pro is known as ionization. In this case both the el 
the remaining positivel charged gas ion are mobile, so that 4 
moves toward the ve and the gas ion toward the negative 
from which the field originates, 

7. Thermionic Emission. ‘The emission of electrons 
heated to a certain temperature is a characteristic property of 
From consideration of thermodynamics and the kinetic 
Richardson obtained an equation for thermionic emission, 


ab 
Me Weg ies 


where J, = emission current in amperes per square centimeter 
A: = a constant for the emitting substance 
T = absolute temperature in degrees Kelvin 
« = base of Napierian logarithms 


tgansnesigs: 


by = a constant depending upon the nature of the emitting t . a2 Sages 
A similar equation giving equivalent results was derived by Dus A ie 
2) Watts per Sq.Cm. 
4095 (1/T?) 


Fic. 1b. 
le = AsT% Fis. 1a. 


le.—Emission of coated filament compared to that from pure metals. 


ower input. A to D repre- 
YONA Science Series for Hngi- 


where J, = electron emission in amp i 
square centimeter Hi 4?.— Emission from coated filament 
me 


T= absolute temperature lerent examples from several sources, 

gmitter in degrocs I I.E.B. reprint.) 

filam ith a mixture of the oxides of barium and strontium 

ore of Ged Set Siatinuta and 6 per cont nickel has the following 
Mteristi 


«= base of Napierian 


HH (2.718) 
Pedy see ci a b= a eens ie ere ical Resistivity of the Core. 
1G. 1.— Determination of con- ¢ constants As and b: of B 2 ) ma 
A = : ‘i rs i fe = 0, 22(1 + 0.00208 — 0.000,000,46t*) ohm o 

stunts in emission equation, pa dtermined for a given mal t= Seeatiee t degrees centigrade 
Thermai Emissivity (Ratio to Black Body). 
= [0.4 + 0.000257} 
T = degrees Kelvin lies between 800° and 1200°K. 


bs 
loge [Zs] = loge [aa 7| 
flog Is — 2 loge 7] = [toe jee ‘| 


IAN, Sau, “A Science Series for Engineers," A.I.E.E., reprint, 
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The electron emission in zero field is given by the equation 
11.600 
T 


Ie = 0.017% 


where LT = degrees Kelvin _ 
I, = emission current in amperes per square centimeter 


For an anode potential of 150 volts and a current limited by space eh 
0.010 amp. per square centimeter the average life is 
22,000 


Work Function. When a quantity of electricity gis moved through 
ontial difference V the work done equals gV. Work must be done 
fein electron is removed from a surface. If the work done per 

mn is W,, the electron charge ¢, and the potential difference is 
id to supply an amount of energy equal to W, then, 


Wi = ge (25) 
* ue = he = (8.62 X 107%) volts (26) 


= 0,000015¢ 5; hr. is falled ihe elect 
mn 

‘The following values are those most probable when the anode potenti { 

150 yolts and the electric field is zero: 


el Th 


Substance 


= 


900 20 


0,02 Tungsten. . 2 
950 45 0.015 Platinum: 
1,000 90 0.09 Pantalurn 
1,050 ‘wo 0.17 Molybdenum 
1,100 310 O:at Gus ; 


Copper 


1 = temperature in degree: Bismuth, 
Tin . 


1. = emission current in milliamperes per square centimeter 
p. = power thermally radiated in watts per square centimeter 
pb» = power absorbed by electron emission in watts per square eet 
Life = most probable average life in hours . 
8. Contact Potential. ‘The rate of emission of electrons from 
substances and the contact differences of potential are closely 
‘The contact potential depends only upon the materials of the elee 
and their temperature, but not upon size, shape, or position | 
electrodes. Es, 
For example, an electron in escaping from the inner to the oul pebiurn. 
face of substance A Will do work equal to Wa so that its pote leroury, 
changed 10 Ve Similarly the work Tor an electron to escape [tt Caleinma 0. ‘ 
surface B is W, and the potential change Vg. Hence in mo 20. Filament lati oa anes tak, 
one from substance A across a space to substance B the wou Borate at a etn. pt aes a censor ct flamers designed 
eeee [Wa + (Va — Vale — Wa) mission current are related to the physical properties of the 


This is the algebraic summation of the work done and would b ‘ mo that the required total emission current is 7g ma. From the 

to zero, exeept for the work done at the junction of the two sub 3 on chart for the type of filament material being used, find 

urn connection. This later potential difference is ‘mission current in milliamperes per square centimeter for a given 

the Peltier effect and is negligible in comparison with the othe ‘input p watts per square centimeter corresponding to good life 
hance, or to temperature 7’ 


Sen wiwe ede Gon BAR Bee 
bes 


Repe BONO Bey @NS Lhe tee 


Wa = oae 
Warwiaee total surface area of, the required filament: A = (In/L.). 
(Vy — Vale = We — Wa = Gn — gabe ‘otal power input to the filament: pA = yl; = P; watts, 


“Voltage Hy the filament current Iy pA/ By). 


(Va — Va) = (on = 6a) ne : 
(Va — Vn) is called the contact potential difference between 4 nt resistance at the operating temperature: Ry = (2s/Ip). 
substances, and by Eq. (24) it is equal to the difference in th 


B resistanc ‘i Pelleee 
function, of clectron affinity of the two substances, Sistatioo cia chradlae laments Fe [e em 
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where A = area of the filament surface 
r = radius of the filament 
p = specific resistance of the filament material. » must be kt 
a function of the temperature. : 
‘The resistance of a rectangular filament is given by 


tron emission per unit area after taking into account the lead- 


ses correction is 
i 
1=(/) 


e i = observed total emission from any given filament 
S = total filament area 
The correction factor f is given by 


= A 
Laas [- 28,851 + 
where A = area of the filament surface 


Si: = thickness of the filament V+av 
S: = width of the filament Ute aV -—AVa 
specific resistance of the filament material at temperatu : 
41. Filament-current Filament-radi i i. Dushman gives ane of AV and AVy plotted against temperature for 
filament material operating at a specified temper . ferent values of bo. 
the radius or filament cross section is uniquely related to the filament. ¥ + AV corresponds to the corrected voltage drop along the filament, 


4. Effect of Space Charge. The equations of Richardson and 


fi 4 é Par M 
For a circular filament: Jy = (2p/0) 14] mshman for thermionic emission give the total electron current, with 


For a rectangular filament: Zy = (2p/e)'* « [S:Sa(S1 + S9)]4. 
For a square filamont: Jy = (2p/p)’® +2 


12. Filament-voltage Filament-dimensions for a Constant Temper 4 < Te 
For a given filament material to be operated at a given temperature, :| 8 
ment volte is related to the filament length and sectional dim t E 
follows: : 3 A 
Ciroular filament: By = (2pe)¥* : 3 
r £ 
iH < 
= 


i) “ 
Tt 


Rectangular filament: Ey = enn) *(2 2 


13. Lead-loss Correction. The cooling effect of the leads 

‘e a filament, decreases the emission from the parts near the ju 

The voltage drop in these parts of the filam is also less. 
Langmuir and Dushman give the follow: eee formul 

V-shaped filament cooled by large leads. it 

to the cooling effect of the two end leads 


AV = 0.00026(7' — 400) volts 


‘Anode Voltage, B 


e-charge ef- 3.—Saturation at constant 
ct in limiting emission. temperatures. 


strength at the surface of the cathode. If the clectrons are 
1 decrease in vol llowed to accumulate just outside the surface they form a negative 
il. If the electrons are drawn to a positive electrode both the nega- 
cloud and to a less degree the cathode 


4 - - ce fiel e changed. it 
P = degrees Kelvin of the central portion of the filament eek artgt diet i (se vollage applied 
‘The correction for the effect on the electron the anode was not sufficiently high a 
of the voltage of a length of uncooled filament which erature increase of the ealtione did not & 3 
affect as the decrease caused by the cooling of the leads, tease the current indefinitely. This effect & Po 
for the two leads is AV = 2(0.000177'6 — 0.05) volts. Shown in Fig, 2. It is due to the repelling = 5 
which depends upon the temperature coefficient of the quant fet of the negative cloud of electrons & 3 
which may represent any property of the metal, such as cand! Mounding the cathode and is known as the ° i 
electron emissivity, ete. For the case of electron emission the & fecharge effect, or volume density of lo 
< , , 


x 
Distonce 

Fic. 4.—Listribution of 
potential in cathode-plate 
space. 


an b Hrification, Figure 3shows this effect with 
of the temperature coefficient is N= @ +7 hod temperatures and: variable- 


Dushman’s coefficient for the material by and the temperatul 
degrees Kelvin being known, NV is calculated. 


N. 0.5 1.0 2.0 2.5 5.0 10. 20. 30. 

®. 0:48 0185 1:23 1144 1:72 2:10 2.47 2.69 
N is related to ¢ as shown by the data above which may he plott if A em 
curve. Knowing ¢ the correction AV is determined. Plate B 
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to B. Starting with a lew temperature 7, the distribution of initial velocitic 7 ‘ 
between A and B will be uniform as shown by the straight line Lin 2 zero. Tf th baer aed e ron eave 
4, Ineroasing the temperature of A will cause an electron current sieires volts, 
amp. por square centimeter to flow to B. Laplace's equation conn ; 


. . 7 ry tential i siti i espec' 
the potential distribution with the volume density of electrifiea aA positive with respect 


Cathode._1_B Anode 


If p is constant and negative, the potential distribution will be a p: 

curve as shown by curve 2 in Fig. 4. A further increase in the SPA 

ve 3 ha ul 
Fic. 5.—Electron 

current between par- 

allel plates. 

a the value necessary to give the full current emitted e 

nthe Hiseussic re assumed to be emitte ; Lis great enough to draw over all of the clectrom veins 

no initial velocity. Usually ial velocities exist, 0. current (saturation current) J, is given by the Rich: 

slightly cerk eee nrianet! ne inorder $0 preva in 1 4 man equation. sled y the Richardson- 

in current. Curve 4 of Fig. 4 shows the effect of the initial ve Electron Current b: ‘i :, - 

of emission on the potential distribution at the temperature for cylinders A and B (Pie @ nee tric Cylinders. | Given two con 

further increase in temperature will not inerease the anode current . Langmuir’s equation for the clectron one, ca and of infinite 
15. Schottky Effect. Richardson's and Dushman’s equations en by the relation current to the plate B is 

thermionic emission from a substance at a given temperature % 

that the electric field strength is zero at the cathode. In actual prat i= 14.7 x 10-6 

definite potential is used, This effect of the potential gradient 7B? 

cathode on the observed emission current is called the S tre i = current in amperes 


t per centimer len 
potential between f and B in volts =o) 


radius of the anode in centimeters 
4 = radius of the cathode in centimeters = 
® = a factor which varies with the ratio of (r/a) 


structure. 


Dushman gives the correction for the Schottky effect as follows: 


Ty = electron emission in zero field 
I. = observed emission at an anode voltage V 


Then 


where k =a constant whose value depends upon the relative geo 


1.00 
arrangement of anode and cathode 70 es 2 1 
1 = temperature in degrees Kelvin J 0.517 100 iors 
¢ = base of Napierian logarithms 4.00 ae = : 
16. Electron Current between Parallel Plates. When the 16:9 9-707 os 1.056 
is a large flat surface A and the plate, or anode, B is a paral 973 ! 1,000 1.017 
the plate current, per square centimeter of surface not too near i bad 1.000 


of the plates is given by the equation Mthe inner eyli 


Plate, t 
Plate, the 


inder is a small wire of less than one-tenth the diamote 
rror is small if 6 is neglected, and the approximate 


738 
[147 x ro] 


urrent with Any Shape Electrodes. Langmuir h 
at under the assumption on which the above equations 


v 


aa: 


i = 2.34 x 10-¢ 


where i = maximum current density in amperes per square e@ i 
2 = distance between plates in centimeters Electr, 
V = potential difference between A and B in volts Distr ac 
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were derived the current will vary as the three-halves power of the: 92. Characteristics of Typical Commercial Diodes. 
tial difference V regardless of the shape of the electrodes. 


tion of the cquations neglects the initial velocities of the electror & ze | Be 7 
the potential gradient at the cathode. | | | | 

19. Two-electrode Vacuum Tubes. ‘The three-halves power Fi 5 
tion for the plate current of a two-electrode tube is qui | 433 | 5% | 1.80) 8: 13 
the voltage between cathode and plate is large with respet BW... ) 8'35 | 27500 | 0: ti 
of (1) initial veloctios of ‘emission; (2) voltage drop in the filan mM. wr | 15,000 | 6 Os 
tathode; (3) contact potential between cathode and plate andi fi a? |B is'000 | ate 
emission of electrons from the cathode is large and the plate 10 10 20:00 | 0: bio 
well below the value for saturation current. The electrodes are -| 10 10 85,000 | 0. 0.1L 
to be in good vacuum, so that the effects of gas are negligible. a ee | 9:85 

Pe the tae of thoriated-tungsten oF oxide-coated filaments Oma FF. | 8 | Bs | i80:000 | 8: | oH 
fraction of the total cathode surface is active so that the satu l 
current may be reached at a plate voltage below the theoretical. y = filament current, voltage (amperes and volts) 

‘Tho current is calculated from the formula Darirgnileeorant She cctenommees 

i=kv% mw, Pw = Sceied eonapeenc am Spear trcaxiens filament 

where & is the spaco-charse constant, of the tube for a given type = 0.0001 amp. per volt! * 
structure an lepends onl upon tl reometrical con! ration 
sete, the dimensions of the tube.” ‘The value of & for infinite 98, Effect of the Grid. When a wire mesh or similar electrode having 


i A A iss through which electrons may pass is placed between the cathode 
plates is (254 x 10 ) dl the plate, it exerts a large controlling effect on the flow of ra to 
where A = the area of the plate in bert centimeters plate. ‘The meshlike electrode between cathode and plate is termed a 

= the distance from the cathode plate to the anode plate 
meters 


For concentric cylinders, k = (17 x10 =) 


27 a 
1 = length of the cylinders Mutual Characteristic 8B 
7 = radius of the outer cylinder or anode Bp=25¥ ies 
B =a function of (r/a) (See table on page 241) : ead Ba 
20, Effect of Initial Velocities—Parallel Plates. If the effect of eee! 3 
velocity of the electrons is included and they have a Maxwellian dist 73 
¢ = 2944. - vant( + 0.0247 )) Re 
Ga — tm)? 
where ¢ = total plate current in amperes =I e 


2 “6. “4 

4 = area of one surface of pecrats in mere centimeters Grid Voltage 
Y= fomperature of the cathode in degrees Kelvin Fic. 8—Typical grid 
Va = potential of the anode above that of the cathode volts monsuring static char- Faetageniatesrwsent clare 
Ve = Ininimum potential of the space between eathode and Actoristions arcane nieveecisceny ots 
respect to the eathode Fy > 

wa = distance from cathode to anode in centimeters * 


e “ hen tho grid ig connected to. a source of volt he cl 
om = distance from cathode to Vin in centimeters Mctod if the grid i ove f oltage, the electrons are 
i Sas 5 grid is positive with respect to the 
a1. Effect of Magnetic Field. Tnitial velocities = 0. For coaxial Bis nogntive ‘The close proximity of the. ie cate id 2 elled 
$s RV et, if v ie os ‘ min the cathode increases its effectiveness in controlling the 
=0, A Ww. 


k = same as above a useful applications the tubes are operated with sufficient elec- 


Vi [ooz2t Hr? + 0.0188. 1°(toew0"2) | Maee gpsion and with plate and grid voltages low enough so that the 
ri Breage Te° Surrounding the cathode is ample to permit large momentary 
He= noe of magnetic field externally applied parallel t@ * in the electron flow to the plate. 
cylindrical electrodes 


fect of a large positi in drawi 

: ze positive plate voltage in drawing the electrons to 

abate can be reduced by a relatively small negative voltage applied 
The electrons being negative will avoid the negative grid 


I = current flowing through the inner cylindrical electrode P 
axis 

ro = radius of the outer electrode 

ri = radius of the inner electrode 
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so that no current will flow in the grid circuit. If the negati 
voltage is not too large with respect to the plate voltage, elects 
be drawn through the openings in the grid mesh to the positive 
The resulting plate current is controlled by the grid, although 
rent flows in the grid circuit. Zero power in the grid circuit 
control 2 considerable amount of power in the plate circuit, 
variations of the grid 
corresponding variati 
plate current. The 
which the plate-cu 
ations are faithful 
tions of the grid-vo 
variations depends wy 
steady polarizing vol 
B, and C voltages) 
the tube and the range 
voltage variations, 


Plate Volts CHARACTERISTICS 
Fic. 9.—Plate characteristics of typical THE THREE-| 
triode tubes. TRODE TUBE 


. . . Static 
‘The effcets of various d-c voltages applied to the electrodes of a 
shown by curves called the static characteristics. 

The mutual or transfer characteristic of the tube shows the 
the grid voltage upon the plate current. The term mutual or 
ee that the voltage in one circuit controls the current in 
circuit. 


on od {TTT im 
Ie0 fs a | e 
it Is Peer 
ing pee 

Grid Voltage or 2 } 


4” 66 

4 Heater Voltage 

Fia. 10.—Grid-current grid- Fre. 11.—Filament characteristic of 
voltage characteristic. 


The plate characteristic represents the relation between plate 
and plate voltage, 

«the grid characteristic shows the grid current-grid voltage 
Hlectron flow to the grid.starts in the region of zero grid volt 
exact, point at which grid current starts is determined by the 
yelocities of emission and the contact potential of the arid | to 


The net effect is equivalent to a small positive or negative bins 
not greater than one volt. 
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{n Fig. 10 the inherent bias in the tube is nearly 0.9 volt positive, so 
t the grid must be biased negative by 0.9 volt to secure an effective 
rid voltage. SOC 
Mie flament-voltage filament- 4/4 Poe 
nt curve obtained with plate } 
grid terminals disconnected is i 
ed- the filament characteristic. 
characteristic refers to the heater 
mt when the tube is of the indi- 
y heated cathode type. + 
95. Normal Emisson and Emis- 
Characteristic. The normal  _ : 
ission current is ordinarily obtained as a single reading at rated filament 
ge. The circuit arrangement for this test is shown in Fig. 13. A 
ite voltage (50 volts is commonly used) is applied between the 
cathode and all other electrodes as the anode. 4 
switch is arranged in the circuit so that the voltage is 
applied only long enough to obtain the emission-cur- 
= rent reading. This test should not be made at rated 
. filament voltages on large power tubes where the heat- 
‘. ing would be excessive; or on certain low-filament- 
With 


Cet 


a a 
‘Fisrent Vetoge 


Fic. 12.—Filament characteristics 
of 106. 


current types; or on certain oxide-coated filament 


tubes. An emission check on all these types can be 


- made by observing the filament voltage required to give 
shhh! & certain small value of emission current (values of 3 or 
. * 5 ma are generally used). * ? 
me. i The normal emission test, even though applied only 
momentarily, usually causes some liberation of gas and 
istic heating of the electrodes. Hence it is desirable to com- 
plete other tests before this test is made or to allow 
ient time after this test, operating with normal voltages, to clear 
Mis and to return the temperature to normal, , 
hen the effect of filament voltage on normal emission current is of 
t, readings, obtained as above but for different. filament voltages, 
mplotted as a curve. 
The emission characteristic shows the true (total) 8 
ion current for a range of cathode heating 


r. 
To avoid the effects of space charge, heating of 
and anode, liberation of gas, and such extrane- © 
effects, the readings are taken only with low § 
de-heating power, and the emission for normal °g 
E 

& 


ing power is obtained by extrapolation. A + 
Procedure is to read the cathode-heating 
€r for emission currents of 0.1, 0.2, 0.5, 1.0, 2.0, 
5.0 ma with 50 volts positive on the common 
pie connection with Solent to ne cathodes 

lotted on a special coordinate paper 

y ak Devissed te the emission follows: Richardson’s tem~ 

ture cquation and the power is radiated according to the Stefan- 

Mann law of radiation, the curve appears as a straight line. The 

ion of this straight line shows the emission current for normal or 

Values of cathode-heating power. 


Power, watts 


Fie. 14.—Emission 
curve. 
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= A : L (Ry — Ry) (Ep + uEs) 
If the curye of the experimental data plotted in Davisson coordinat Bae w+ Fy (Ry = BA) Bp + uBs)__ 
not straight fine, this may be caused by one or more of the Fal ‘s RiL@ — Rp) +  — Rj +1) J 
condition: s . Fates = 
1. Departure from the Stefan-Boltzmann cooling (bends downward), \{ Ry is very much smaller than Ry and R,, the equation can be written 
2) Anode voltage too low to draw off all the electrons (bends downy approximately 
8. Eifect of cooling due to heat of evaporation of cooling of el By + Be ys 
(bends downward). ‘The cooling due to electron evaporation amount 1 =14.7 x 10 on,| ey 
approximately Caves ee ts Li dewieihd bes jasion cu Bas ES p — He) rae 
and @ represents the work function of the cathode in volts. ‘This effect = 1s teat 
be considerable in transmitting tubes where the currents are high, where L = engin of Me Hetaon dn son timoters 
tungsten-filament tubes where the work function is large. ee ee cleie in oaptaneters 
4. Poor vacuum (gas ionization effects) (bends upward). Ry = radius of the plate in centimeter 


5. Heating of the anode by the eoaiesion garrent (bends upward). R, = radius of the grid in centimeters. 
esc tee cr aoe eet ce pice SY ‘The above relations are useful in the design of the structures, ‘The k 
A method for reading emission currents which is applicable ini should be determined for the type of tube structure. ‘The » and the 
consists in the use of a commutator for applying the voltage recut qurren(-voltage characteristics remain the same if all dimensions are 
for only a small time interval, By means of an oscillograph the emis hinged proportionately. ‘The plate current equals the space current 
current is read as the peak current during the interval the vol when the grid current, is zero. 
applied. By this method the heating effects ean be kept low. 28, Amplification Factor, “The amplification factor is a, measure of 
the effectiveness of the grid voltage relative to that of the plate voltage 
rer ONE Ca haere eo eel pon the plate current. It is the ratio of the change in plate voltage 
7 to a change in grid voltage in the opposite polarity, under the condition 
26. The space current J of a three-clectrode tube is equal to the that the plate current remains unchanged. As most precisely used, 
of the plate current J and the grid current 1); 1 = (I, + In). the term refers to infinitesimal changes as indi- 
three-electrode tube is calculated as an equivalent. diode 1 = FU Biles by the defeing equatier 
uE,)”. The grid voltage E, is equivalent to a plate voltage uy. 
the amplification factor of the tube. 


i, = constant 
27. Plane-parallel Elements. For a structure with plan 


elements with the filament symmetrically placed between grids pe amplification factor is indicated by the 
plates; orizontal spacing of the plate characteristic 
A r mutual characteristic curves of the tube. 
BN a8 i acy para RIT TT Since horizontal lines represent constant plate 
pe e le + Ale + 1)} Current, the plate voltage spacing divided by 
coo the rid-voltage spacing of the curve is the Tone 
loge sa ‘“uplification factor. The amplification factor Seuzce 
cae” 1 By +p2, 1% ot threo-leetrode Lubes is nearly constant. for oa) 
I = 2.34 X 10--—-— ~ i338 Constant plate current. In the region near “ i x 
oe oma Fae + ] #ero plate current or near the full emission cur- ,,F10-45.--Mensure- 
where I = total space current in amperes Mnt of the filament, the amplification factor factor. 
distance from plate to grid in centimeters anges greatly with voltage. 


distance from grid to filament in centimeters 0. Measurement of Amplification Factor. An a-c bridge circuit 
number of grid wires per centimeter length of the structure a 1 schematically in Fig. 15 may be used to measure u, ‘The resistance 
Ris 


radius of the grid wires adjusted for zero sound in the phones. The amplification factor is 
effective plate area. Riven by 


Basue 


bowen 


28. Concentric Elements. For a structure with a cylindrical 
and grid and a coaxial strand of filament, 


BT 


LR, Owing to tube capacities or other reactances in the circuit it is usually 

LEM ish Serre ern rp crea Hteessnry to provide a means for adjusting the phase of the grid and plate 
» — Ry) + Ryle JEYoltazes for complete balancing out of the sound in the phones, ‘This 

a Ces Hhsse balance is secured with eondensor C in Fig, 15, ‘The dee voltage 

eh Lak ar Iron jn e 


adjb,2, 22 should be allowed for when setting the plate voltage. T! 
Nistable ground connection is convenient in eliminating the unbalanc- 


= 
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The plate conductance is the ratio of the change in plate current to 
the change in plate voltage producing it, all other electrode voltages 
fring mamtained constant, As most precisely used, the term refers 
jo inlinitesimal changes as indicated by the defining equation 


ing effects of en 
small as practic 


CALCULATION OF THE AMPLIFICATION FACTOR 
81. Plane-parallel Electrodes, When the diameter of the grid 
is large compared to their spacing the formula derived by Vodges 
Elder is most accurate, Figure 16 shows a eross section of the elect 
‘The amplification factor is 


city to ground. The a-c tone voltage should 
‘The phones can be preceded by a suitable am 


4 $ ease 


vs ena — logs 
* | toge Gre Fe 


Bg lease ct: st Pam) ‘Tho plate conductance is given by the slope of the plate-characteristic 
I) oe Ds EEN) eurves of the tube, When readings are taken on the characteristic 
qurves, the current and voltage increments should be made as small as 
scnmmsberct ana ey eras tonvenient, ‘The plate resistance is the reciprocal slope of the plate- 
Mb Ulonbs Mencia Ee in ee ahrneorste curve, ‘he numerical value ofthe plate resistance changes 
Ww i r » grid wires i are ir with the applied d-c operating voltages. a 2 
Seuation whore Aaptinan are ee Mee opmoeer te thels era 34. Measurement of the Plate Resistance. ‘The plate resistance or 
Jate conductarte can be measured directly with the aid of a bridge 
ype of cireuit, When the bridge in 
Tig, 18 is balanced for minimum sound 
inthe phones, the plate resistance of the 
tube is 


whore r = radius of the grid wire in centimeters 


Reka/Ra 


The alternating voltage (tone) ap- 
plied to the bridge should be as small 
4s practical, The use of an amplifier yy, 18,—Measurement of plate 
preceding the phones increases the sen- reaistance. 
sitivity and accuracy of these mea 


‘ 


as 
Cathode Grid ‘node 


Fie. 16.—Tubo Fig. 17. lements, ‘The effects of small capacities are sometimes troublesome in 
with plane-parallel with concentrically tireuits of this type. The electrode capacity of the tube causes some 
olectrodes. arranged eloctrodes. hase shift resulting in a poor balgnee. ‘The phase balance variometer 


ree the small out-of-phase component permitting a closer adjust~ 
tient to the null point. The capacity te ground can be balanced by suit- 
able shielding or by means of a Wagner earth conneetion. 

85. Calculation of the Plate Resistance. The piate resistance of a 
tube dopends upon ths operating voltages as well as the structural param~ 
ors, Within certain limits it is inversely proportional to the area 


82. Concentric Cylindrical Electrodes. The amplification factor of 
cylindrical structure shown in Fig. 17 is given by 


Qnnk, 
“Tor: 


(Ry (Tey) = owe Mi (etrnr + entrar) 
“F entwar) — lows (280 — qotean) 


where Ry = pe 2 te Bonde in centimeters 4 the anode and also to the area of the cathode, Decreasing the - 
7 = radius of the grid in centimeters lance between fi 0) e plate resistance. Since 
team nadiusol'tha evid:wites in aontineteia hee between filament and plate deci the plat 


Ibis desirable to make (u/rp) large, the grid to plate distance controlling 
A should not be decreased too much. ‘This requires that the grid be 
Placed near the filament to lower the plate resistance. When the grid 

too near to the filament, it will be heated, Small amounts ol grid 
Mission eurrent resulting from too high grid temperature have an 
*biectionable effect on the operation of the tube. 


, "= number of grid wires (burns) per centimeter length of struc 
When the diameter of the grid wires is small compared with their sp! 
the equation simplifies to 
Qenky lowe (R, 


1 
eae) 


33. Plate Resistance and Plate Conductance. The plate resi 
rp is defined by the equation 


The plate resistance of a tube may be calculated from the plate-current 
UWnte-voltage relation. For a structure with plane-parallel elements in 
ich the filament is symmetrically placed between grids and plates, the plato 


1 _ aey istance is 


rp =e = 
8, v. 
entice («+ 0) a + ae + 101 


z ~ X 10° 
ACE, + nE,)% 


It is the reeiprocal of the plate conductance Sp. 
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where 7) = i i iain types of structures. The amplification factor depends almost 
“eel ne A a inely upon the structure of the grid and the grid-plate distance. ‘The 

@ = distance from, grid to flament tu oonthoctors f resistance depends upon the amplification factor, the surface arens 

fi a amplification factor ‘the cathode and anode, the grid-filament distance, and the applied d-c 

fy = plate voltage ting voltages. TRe transconductance depends upon all these 

sf = grid voltage * 

4 = constant depending on the eathode area, or anode 


ors. 
Grid-current Coefficients. When the grid is not biased with 
ere eee te. a hor typical flamont-type tubes ilies ucgalive:volarsand the gabe duerston cateciis abs ie oa 

SENORE SD CORTES SS of grid voltage, an electron current will flow to thegrid. Under 
The grid voltage H, is conveniently made zero and the plate t Jitions the current in the grid circuit may change the effective 
taken equal to the value giving normal plate current. dyoltage. When it is desirable to include these effects in determining 
pee jayaiscondinctancs, ‘The grid-plate transconductance is defin the performance of the tube, the coefficients relative to the grid current 
the relation 


us 6 
The grid conductance S,, or its reciprocal the grid resistance ry, is 


ai " 
fined by the equation 


bey 


Sm = Sop = 


It is the ratio of the change in plate current to the change i ‘id v 
under the condition that all other voltages remain constant Te 
equal to the ratio of the amplification factor u to the plate 
ry of the tube: 


h gid conductance S, is the ratio of the change in the grid current to 

i T? the change in grid voltage produ it, other electrode potentials being 

The ranasond a tintained constant. As most precisely used, the term refers to infini- 
nsconduetance determines the plate-current change pe ial changes, as indicated by the defining equation. 


applied to the grid. It is evident that this is the most im) rtant eh coefficient showing the relative effectiveness of grid and plate 
teristic of a tube. It is: Yo s on the grid current has been variously termed reflex factor, 
ure of merit of the tube re amplification factor, and inverse factor. Recent 1.R.E. standards 


enters into the calculati¢ tm this coefficient the plate-grid mu factor. It is the ratio of the change 
the performance of the grid voltage to the change in plate voltage required to maintain a 
Tt is a direct measure 0 istant value of grid current, As most precisely used, the term refers 
amplifying properties. 0 infinitesimal changes as indicated by the defining equation 
au Spey into a ty 
pedance which is sm St AR ta 

et to the plate resists EM: Talia rath ocd 


ith high impedance ah A ‘i 
Measurement of transcondue- the amplification factor. 4, 2° coeflicient showing the effect of plate voltage on the grid current 
tance, plate resistance are cor n termed inverse mutual conductance, or the plate-grid transcon- 


separately in determi Balance (note that this is not the grid-plate transconductance. The 
tube performance, The transconductance may be determined Merence in these terms can be easily remembered, since the words grid 
ay, tom the slope of the mutual characteristic curve of the tube. f 4 plate appear in the same order as the direction of action in the tube). 
reot me are usually most convenient when many readit 4 the ratio of the change in grid current to the change in plate volta, 
ry 7, Me icing it, all other electrode voltages being maintained constant, As 
Be easurement of Transconductance. ‘The transcondu 4 y used, the term refers to infinitesimal changes, as indicated 
e measured directly in the cireuit shown in Fig. 19. ‘The re fining-equation 
and the phase balance C@ are adjusted w the sound in the phot di, 
balanced out. The transconductance is given by Sop = Sn = 5 
dey 
By) Ri j ‘ A : : 
Tp) ~ Rak, “PPOX.) rrent coefficients of the tube may be determined graphically 
25 ‘1 Tye the tas aracteristic curves or measured gieatiy in bridge cir- 
38. Calculation + Similar to those employed for plate-current coefficients. 
of the Transconductance. ‘The transconductam “0. Higher-order Coefficients. ‘Tube coefficients in most common use 


is equal to the ratio of the amplification factor » to the plate 


rp. Each of these factors can be calculated with a fair degece of net the amplifieation factor, plate resistance or conductance, and trans- 
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conductance, ‘These are the first-order plate-current coefiicients: 
triode. They determine the amplifying properties of the tube and 
into nearly all applications of the tube. 
When the tube is operated so that detection, modulation, distoy 
cross modulation, frequency conversion, and stteh effects a if it 
t is necessary to use second-order, third-order, and higher 
coefficients in addition to the first-order coefficients’ to determin 
performance of the tube. For example, in the case of platen 
ection the tube coefficient, determining this effect is the second de 
tive of the plate current with respect to the grid voltage. The 
vative, or first-order coefficient, is the transconductance which if 


iy _ OS, 
80,3 ~ “de, 


‘The third-harmonic distortion in a tube is also, determinod by the 
order coefficient. ‘The fifth-harmonie distortion would be dete 
by the fifth-order coefficient, 


Higher order coeflicients are usually obtained graphically fro 
current-voltage charac ies of the tube. When the analytical 
sion for the current is ki , the coefficients may be obtained by dil 
tiation. ‘The measurement’ of an effect depending principally 

coefficient may be used as a measure of the 
cient. 

41, Mechanism of the Three-electrode Am| 
Figure 20 represents a triode connected to 
able source of A, B, and C voltuge. A m 
is connected in the plate circuit for reading 
current. A potentiometer is connected ac! 
C voltage. ‘The grid voltage #, will be ehan| 
the slider is changed on the potentiometer, 
Fig. 20.—Triode cir- slid toward the positive, the plate 

cuit. increases; if toward the negative, the plate 
decreases. The plate currents ‘correspon 
different grid voltages are plotted as in curve 1 in Fig, 21. Thi 
mutual characteristic curve of the tube. 

Suppose that the slide is varied in some definite manner, Fore 

start to count time from zero on curve 2 in Fig. 21. With the 
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jnitially at 5 volts the plate current is 8 ma, Move the slider steadily in 
the negative direction, until say, in 3 sce. the grid voltage is 9 volts. The 

Jute current will be 0.5 ma. “Now t the slider in the positive direc- 
jon, moving at the same steady rate. At the end of 6 see. the slider has 
returned to its original position. If you continue the motion of the slider 
in the positive direction, at the end of 9 see. the grid voltage is —1.0 
yolt, and the plate current is 6.5 ma. If the sl ider is started in the nega~ 
tive direction at the same rate, the grid voltage will be —5 volts at the end 
of 12 sec., thus completing the cycle. 

Curve 3 shows the plate-current a 
change corresponding to the grid-volt- & 
age change with time. — If the slider is y 

d to a mechanism arranged to 
his motion, the plate current 
ontain an a,c. of | eyele in 
5 eyeles per min. The wave | 
form of the a.e. will be as shown in 
curve 8. It is superimposed upon the ME 
it plate current. ¥ se 

The positive and negative peaks cf FI Ste Machetes of amplifi- 
the plate current as measured from the mead 
initial 3-ma point are not equal, although the grid-voltage peaks are equal. 
In this case the plate current is not a faithful reproduction of the input 


anee is connected in the plate circuit, the effective plate 
reduced as the plate current increases. ‘The plate current 
Mt By equals —5 volts can be brought to the initial 3-ma point by a 
thitablo increase inthe B voltage to compensate for the voltage lost, in 
the resistance, Starting with the same initial 3-ma point, the resulting 
Huitacteristie with a resistance load is shown by the curve 4 in Fig. 21. 
@ same alternating grid-voltage curve 2 produces the plate-current 
titve 5, ‘The positive and negative plate-current peaks of curve 5 as 
fitssured “from the initial point are almost identical. ‘The distortion 
boon eliminated, and the voltage developed s the resistance 
fin be used to operate a suc coding stage of amplification or other device. 
the potentiometer and slider of Vig. 20 can be replaced with a fixed 
-bias voltage and an a-c voltage. ‘The tube snl eperate as deseribed 
ve except that a-¢ cycles usually occur so rapidly that the plate- 
fittent (d.c.) meter cannot follow them. A metor showing the effective 
Ne (rin-s) of the a.c, can be used to measure the current. ‘The 
“can be heard when conneeted to a loud-speaker, if it is within the 
ible range of frequencies, ‘The wave form of the a.c. ean be seen when 
ected to an oscillograph 3 

ui2;, General-purpose Triodes. Genoral-purpose triodes are used for 
“tion, for voltage amplification, and in general in eireuits where a 

g Power triode tube is needed. s 
with 12° °f the available types of cathodes are as follows: a filament type 
‘low current suitable for operation with dry-cell batteries; a filament 
a th higher current used with storage batteries (filament, types of 


requiring relatively high current and operated with a-c supply 
jised in the power output stage); a heater-cathode type operating 
> volts a-c supply; a heater-cathode type operating on 6.3 volts 


FAlrect connection to the storage battery of an automobile, for use in 
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sries-connected d-c line or universal a-c, d-c cireuits, and for use 
6.3 volts a-c supply. 

‘A medium amplification factor (6 to about 15 or 20) is character 
of the general-purpose t ‘The high-amplifieaton-fuctor tubes 
especially suitable for u led a-f circuits. ‘The 
characte) 


or triodes. 
ila rt pes are suitable for use in transfo 
coupled a-f amplifier circuits, in grid Jeak detector circuits, and in ge 
in circuits where a medium-plate-resistance, medium-amplification-f 
triode tube is suitable. 
‘The high-ampl 
be used with 


wide range of frequencies is desired, 

operating a low-resistance relay where a large plate 

volt on the grid is desired, a power triode with Bigh transconduel 
used. + When adequate signal yoltage is available and an insensitive 
is used or when positive action is of first importance, atube with maxi 
plate current would be more important than a high transcondue 

For operating loud-speakers, the transformer primary carries tl 

te current “plus the alternating current due to the signal. In 

¢ a low d-c plate current causes less tendency to saturate the 
when a single tube is used and legs loss in the winding resistance 
a push-pull stage is used. For loudspeaker and other applications 
appreciable power with low distortion is desired, a power amplifier 
is used, 

An important characteristic of the power amplifier triode is thal 
distortion decreases to a low value and the power output decreases 
at a slow rate as the load resistance increases beyond a value equ 
the plate resistance of the tube. For low distortion out 5 per 
second harmonic) it is usual to operate with a load resistance eq! 
twice the plate resistance of the tube, 

Power amplifier triodes are characterized by high plate currenty 
plate resistance, low amplification factor, high transconductanees 
moderate to high power output depending on the maximum plate VO 
and plate current or the power dissipation permissible in the tube. 
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‘Typical power amplifier triode tubes for radio receivers and similar 
Jow-power Usage have a range of plate current for the various types from 
12.8 to GO ma; plate resistances from 800 to 5,000 ohms; amplification 
fyctor from 8.0 to 8.0; transconductance from 1,050 to 5, () micromhos. 
‘The rated maximum. plate voltage ranges from 180 to 450 volts. The 
pias voltage, which is a measure of the signal voltage required for full 
output, ranges from minus 80 volts to minus 84 volts. ‘Lhe power output, 
ranges {rom 0.375 to 4.6 watts. 

For higher power output-per tube either 
pentodes, class B tubes, or the larger high- 
Foliage power tubes are used, 

44. Power Amplifier Tetrodes and Pen- 
todes. A power amplifier tetrode is similar 
fo @ power output pentode except that the 
tetrode does not have a suppressor grid. The 
dlectrodes are cathode, control grid, sereen 
grid, and plate, ‘The ‘construction is such 
that the secondary emission from the plate 
eannot reach thescreen grid. The plate char- 
acteristic curves are similar to those for a pentode tube without the 
secondary emission dip which is characteristic of amplifier (screen-grid) 
tetrodes. ‘The operating conditions are similar to those used for power 
output pentodes. z 

Power amplifier pentodes are high-efliciency power output tubes. 

re capable of higher power output with less plate voltage, less 
input, and less signal voltage than are triode power amplifier tubes. 


Fie. 22.—Connections 
of pentode for power out- 
put tube. 


of 1 7 = 


See) HO oO HO BHO OO AT 4a RO SO 
. Plate, vells 


3.—Load characteristic of 47 pentode. 


Fro. 


Cireuits using pentode power amplifier tubes must be more carefully 
ignod to obtain low distortion than are circuits using triode power 
mpliticr tubes. 


ina power amplifier pentode are cathode, control grid, 
Suppressor grid, and plate. ‘The cathode may be either a 
flisnent or'a unipotential heater type. , ‘The control grid connects to a 
Msative ins and the signal voltages. ‘The sereen grit connects to the 
lis B voltage usually of the same value as used on the plate. ‘The sereen 
is by ‘d-with a condenser between it and the eathode. The 
“Uppressor grid is usually connected to the cathode inside of the tube. 
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sec. 61 


This grid prevents the screen grid from collecting secondary emi s ii i i he reciprocal slope (voltage 

electrons from the plate and thus eliminates the dip in the plate-ch drawn theo ae operating eee : 4 ng ‘i pe 

teristic curves which appear in the screen-grid types of tubes. WPcirire sine wave (or cosine wave) signal voltage is assumed to be 
Power amplifier pentodes aré used in the power output stage of m A eae athe ptid, “At certain values of bias voltage 5 corresponding 

receivers and for operating relays and other devices where high n fective tate ab tlie aetal voltene wave. the plate current is noted. 

conductance and high plate resistance are desired. Owing to its en re tt Slate curfent the paver ontput sed distortion are 

Glaacterie, For extanple, TOC arene, & constent-cumaaiay Moulated as shown by the following example for the type 47 tube: 

of a cathode-ray tube at all Prepeenclies the current through the de Tins. = hes 


coils should be directly proportional to the signal voltage. h I, =O) 

pentode power amplifier is used, a distortionless pattern results o Too = 0.0320 

range of frequencies for which the deflecting coil impedance is low end I, = 0.0107 

to pe ee pentode soceiene-ceeat eapancte 7 Twin. = 0.0052 
Typical power amplifier pentodes have a plate current from Pay " =< : 
ma, transconductance from 1,200 to 2,500 micromhos, plate point is Ea = E.: = 250 volts, Ba = —15.25 volts, 


from 35,000 to 100,000 ohms, amplification factor from 80 to 220 E 
power output from 1.4 to 3.4 watts. The maximum plate ‘The 
ratings range from 135 to 250 yolts. ‘The grid-bias voltage whiel ‘onthe 1 
approximately equal to the peak signal voltage for full output values of 
from minus 12 to minus 25 volts. 

Pentodes for r-f amplification at high frequencies have been a 


108 wl 
To +1, 008 wt + Tz cs 2 wt + 1; 008 3 wt 


available. ‘Tubes of this type (6AB7, 6AC7, 1851) have high tran = 
dustanna (5, 000-7000 roo) is 4 = ieee + — i a ap aera 
. Dual-grid and Triple-grid Power Amplifiers. Tubes of this 1 = +34 {Tuas — Teta. + 2 = Ty) 

have a cathode, two grids, and a plate. When the two grids are = 1$lo@885 = "0.0052 + 1.414(0.0527 — 0,0107)] = 0.0282 
nected together and used as a single grid, the resulting characteristi Ts = +14 runx, + Lin, = 2p 
suitable for use as a class B power output tube. When the i = 410.0585 + 0.0052 —'2 x 0.0320) = —0.00007 
used as the control grid and the outer grid is connected to the Ts = +Y4[Imas, — Testa, — V2 — 14)! 
resulting characteristics are suitable for class A power ampli = — 4(0.0585 — 0.0052 — 1.414(0.0527 — 0.0107)| = —0.0015 
suitable for driving the class B stage. Power output = 1g12R = 14(0.0282)* 7,000 = 2.77 

‘The characteristics of typical tubes have for class B operation watts 
cent plate current of 2 and 6 ma, plate-voltage ratings of 180 an ‘ if 0.00007 
volts, and class B a-{ power output for two tubes of 3.5 and 20 Percentage second harmonic = 7? X 100 per cent =~ Gggq X 100 
For class A operation the maximuin plate-voltage ratings are 135 : . ia aie 
250 volts. The corresponding grid-bias voltages are —20 and —33 vé per cent = 0.25 per cen’ 
the amplification factors 4.7 and 5.6, Plate resistance 4,175 and 3 Pe : , hs 0.0015 199 
ohms, the transconductance 1,125 and 350 micromhos, and the ¢ reentage third harmonic = r,* 100 per cent = 0.0982 
power output 0.17 and 1.25 watts. ; por cent = 6.8 per cont 


The triple-grid power amplifier tube is a universal type of power 
fier tube. With various connections of the grids it may be used as a 
A triode, class B triode, or class A pentode power stmplifier. 

46. Class B Twin Amplifiers. Class B twin-amplifier tubes 
ri consist of two triode class B a-f amplifier structures L The total distortion 4 
lb. Rarmonics, since the magnitude of the higher frequency components is 

oa The power output for minimum distortion is near the maximum 
inable. 
Screen-grid Amplifiers. The screen-grid amplifier tube possesses 
Properties that make it markedly superior to a triode for amplification 
Slr or a-f voltages. It is also a good detector tube. 

Owing to the low value of control grid to plate eapacitance in a sereen- 

tube (about 0.01 xf), the feedback is negligible, and stable operation 


7. Calculation of Power Output and Distortion. 


power output and distortion of a power tube, draw a line on the Ip — its wi f critically balanced circuits, Also the screen 
characteristic curves representing the load resistance. The he tie art erecy eee ee eee ena ence tee 
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transconductance is not decreased, 
factor (4 = RySn) is very large, 


32 


the effective value of amplifig 
n use, the high plate resistance 
less shunt-load resistance across 
tuned circuit to which it is connes 
‘The result is a more sharply tu 
cireuit with higher over-all i 
ance, The net result is higher 
age amplification and gre 
selectivity. For example, with 
ode tubes a voltage amplificatio 
20 per stage is considered hig 
broadcast frequencies, while 
sereen-grid tubes a gain in exee 
100 per stage is easily obtained, 
intermediate frequencies a gain 
to 400 per stage is readily obt; 
The sereen-grid tube has a 
ode, two grids, and a plate, 
inner grid is used as the control 
to which signal and bias vol 
are applied, The outer grid 
ag an clectrostatic screen between 
plate and the inner structure. 
operated at a fixed positive 
ordinarily not higher than about 
half to one-third of the plate voll 
‘Typical tubes have plate curt 
ranging from 1,7 to 4.0 ma, pl 
resistance from 0,8 to 1.2 megoh 
transconductance from 500 to 1,080 micromhos, and grid to plate caps 
tance from 0.02 to 0.007 yuf. 
49. Triple-grid Detector Amplifiers. Triple-grid detector am| 
types have three grids, a cathode, and a 
Although the three grids all have external 
minals to permit various connections in cirel 
these tubes are most frequently operated 
pentode voltage amplifiers, With this cont 
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or: 
#000 6000 8000 10000 12000 
Load Resistance ohms 


Pia. 24.—Output characteristics of 
pentode power. tube, 


ow 


Fic. 256.—Structure of 


sereen-grid tube. 


Pia. 26.—Cireuit for sereen- 
grid tube. 


tion the inner grid functions as the control grid, the second grid as 


screen grid, and the outer grid as the suppressor grid. 
The apersiing characteristics are like those of a screen-grid 
except that certain improvements in performance result. 


he pi 


see. 8) 


resistance 


Tireon-grid tubes. 
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is higher and the grid-plate capacitance is lower than for 
fd tubes. Owing to the presence of the suppressor grid, the same 


8.0; 


Values to left of vertical line 


Buen 475. | 


10! 


Ep=25V ‘subject to ace variatron 


; 


" E20 Ve 
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Zot 
To. 
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e100 0 ~=CAO ~~ 200 
Plate Voltage 
Fra, 27.—Type-24 sereen-grid characteristies. 
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SS SS es 
100 200 300 400 500 
Plate Volts 
Fra, 28.—Average plate characteristics, type 57. 
can be used on the plate and sereen grid. Th Soe eins 


there is no secondary emission kink in the plate~ ristio 
This is an advantage, for example, when operating wi 
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100-volt supply since the use of 100 volts on the sereen grid pi 
high transconductance and also permits higher signal voltages on 
control grid, When large amplitude output voltages are required, 
connection permits utilization of nearly the entire range of plate volt 
In some r-f circuits the suppressor grid is used for modulation. In. 
circuit, that of an clectron-coupled oscillator, the suppressor 
nded so that it functions as an electrostatic screen. 

hen used as a voltage amplifier for audio frequencies, high gain, 
amplitude output, and law distortion can be obtained with this typ 


gro 
W 
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Set eae ers a) 
Control Grid, volts 
Average charncteristies, type 57. 


sample, are as foll 
rid 


amplification, : 

‘ypical tubes of this class operate with 250 volts on the pli 
volts on the screen grid, and minus 3 volts on the control grid. 
conditions for small r-f voltages are a plate resistance of 1.5 m¥ 
or more, plate current of 2,0 to 2.3 ma, transconductance of 1,225 t0 
micromhos, and grid-plate capacitance of 0,007 to 0.010 psf. 
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jt has 
instead 
tube. 


somewhat higher. 
istics is climinated so that 
the same voltage when low- 


r tube say 
higher plate current, and 
‘The remote cutoff charac- 


ithout 
The plate 
The 


Th operation the grid-bias voltage (H.,) of the 6D6 can be made vi 
Wile trom minus 3 volts to minus 40 volts for gain control of mf or if 
Mikes. As a mixer tube a grid bias of minus 10 volts js used for an 

Billator voltage of 7 peak volts. ideration should be given to the 

Plitude of the signal voltages to be expected in each stage, and the 

Hs-Vvoltage range should be limited accordingly. ‘The signal voltage 
Wotld never cause the grid to swing far enough in the positive direction 
[Permit grid current to flow, nor far enough in the negative direction to 

“ed the plate-current cutoff point. 
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62. Duplex-diode Triodes. The duplex-diode triode tubes hat 
amplifier triode and two small diodes in a, single bulb. Usually | 
eathode of all units hes 2 common connection. The diodes are ‘sm 
units used with high-resistance loads (peak currents 

mately 0.5 ma) for detection and gain-regulating 

of the Fore ty eG ot cetettar, ee fe Elodie. * tacth ener 

typical tubes of this type have triodes with amplification factors p20 oll 00. , 

8B and 100, plate resistance of 7,500 and 91,000 ohms, and transconds ma iraN ua tne 000 
ance of 1,100 micromhos, | rinbtttaliretwrba 
medium-amplification-fa 
type ean be used as a tf 
former-coupled a-f amplif 
with one diode for detection 
the other as an automatig 
ume control. Various 0 
Uses in cireuits A ovid 
Thor — The high-ampli 
eons 5 NTS CUNGNS |" Fee dg atritable vor ise cian 
Pia. 30.—Variable-mu_ or ‘supercontrol ance-coupled a-f amplifier, ¥ 
tube, one diode as a detector a 
other for gain control or yarious other ‘ircuit arrangements. 

53. Duplex-diode Pentodes. These types, like the duplex-d 
triode types, have two small diodes for use as detectors or gain cont 
and a pentode voltage amplifier unit in a single bulb. ‘The pentode 
may be used for either r-f or af amplification. ‘Thus the pentode 
operate as an i-f amplifier supply ing signal to the diode units funetic 
as detector and gain-control units, or the pentoede may function 
resistance-coupled a-f amplifier following the diode units, 

54. Triode Pentode. ‘This tube exemplified by the type 6F7 hi 
pentode voltage amplifier unit and a small triode unit in a single 
‘The two units operate independently except that a common 


potween, the oscillator and signal frequencies), only the desired if. will be 
present in the secondary of the if transformer, ”~ y 
In use, the oscillator coils are designed with a little greater coupling 
jotween grid and oscillator anode coils than is commonly used with triode 
ocillators. A ratio of mutual inductance between these coils to the 


“Cathode 


E63 vols 
Plate Volts +250 

\Sereen (Grids Na. Sand Na 5) Votls=100 
Control Grid (Gri Nad) Volks «=3 
Ancide (Grid a2) Vojts 100 
seiltator Gre (rid No.1) Feak Volts +60 
scillatr Grid Resistance «50000 abens 


eal 
onversion Transconductance(Se).micrombes 


2M ime 


1 
SERRE EE EEE} 


Gonnection is used. ‘The principal advantage is economy of space} 10 SEED Ot OF 05 08 10 12 TA Is 
cinsawantace is that failure of one unit requir # replacement of the @ Control Grid (Grid No.4), volts Resonant Load tmpedance,megohms 
tuho, 


Fra. 3 rs rid converters 106, left; GA7, right. 

BS. Pentagrid Converters. ‘The peptggridconverter tube, i Pia. 81.—Charaet soe 
cathode, five grids, and an anode. It is de: igned to perform tl 4 Sayan satin P is satisfactory. 
bined functions of oscillator and first detector in a superlcterod wet ea GS art) ae Reel it 

The electrodes, starting from the cathode and counting out RAG oa x 
(tho usual mothod for designating grids by number), are first (No. 1 mercy to the signal | se renihs Ake talation: 
the oscillator control grid; next (No, 2 grid) the oscillator anoda;. he translation gain is given by 
3 and 5, connected together within the tube, are used to accole Sr, 
electron stream from the cathode (similar to the operation of the Ave peter 
grid in sereen-grid and pentode tubes); and grid 4 operates as the @ +79) 
control grid, ‘The grids 3 and 6 shield grid Atom Cerne cate 
electrodes and give the tube a high plate resistance. ‘The 
resistance permits the use of high-impedance loads resulting in 
and selectivity, 

In operation the electron stream is initially modulated at osell 
frequency by the inner electrodes. ‘The incoming rf signal, appli 
grid 4, further modulates the electron ‘tream, thus producing com| 
of plate current, the frequencies of which are the various eombinal 
the oscillator and signal frequencies. Sinee the primary cireuit 
first i-f stage is designed for resonance at the if, (equal to the diffe 


voltage ratio of i-f transformer 

conversion transconductance 

effective impedance of i-f transformer 

plate resistance of the tube, Peat i 

isformers ordinarily used, a translation gain of approximately 

* with special high-impedance ‘transformers a gain of 100 can be 

“uly obtained. 5 ; 

twiih® characteristics of typical tubes of this type are us shown in the 
Ie on page 264, 
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r ; ance can be greatly improved. For low-power cireuits and for 
Tevtch\ Pavssgain) Convantiies ving circuits, these special tubes of unusually stnall dimensions ave 
ysed. ‘These tubes permit the use of conventional circuits in the fre- 
fueney range of 60 to 300 Me and higher 


Acorn Recetvine Tuses 
T 


| Sapacitance, in 
| rmicromicrofarads 
Ka| Ea |Ip\la] Bp 


———— 
56. Metal Tubes. Metal radio tubes employ a metallic en GP) G0 | Pa 


instead of a glass envelope for maintaining a vacuum in the 5 Fic] esa 
rounding the electrodes of the tube. ‘The str: ‘ture of the tube i (Detector, Amplifier, Oscillator) 
is similar to that used in glass-bulb tubes. The metallic envelope - > 
the following advantages: elimination of additional tube shiclder : | fisas 
shielding of tube electrodes from stray fields than with metaeg i to Ean ea ph ede 

H 


glass bulbs or shield cans; greater mechanical strength; and a 25 seee]= 5.012.0),.,) 24,600. 
size, | 


Lalat 
This construction also permits better dissipation of the heat devs |-7, 5 al «| 10,000 
at the anode, i | 


Tho metal radio tubes have the octal type of base having a central ode (Detector, Atuplifice) 
vhich aids in locating the tube in the socket. ‘There are eight pin 7 ; Tami aniioe 
tions on the base, the same spacin, Dank used on all types except | re 

hi 


3 rf * by a ¥ — 3.02.00.7 1.5 % 10° '2,000)1,400 0.1 
pins are omitted or included as needed. This permits the use of one | 10°} i i 


— 3.01 dy 0.8 x 10° se 600) 
aia 


fier, Mixer) 
Metal Conical chine. = - 
Envelope Sten Shield 7 


0.007) 2.7 


#1 Jos lo] {8} | an lve [a oh 50. rl a 


250:|100 |—45 |. ceed 5 
il J i 


A small glass bulb with the electrode connections sealed directly 
ugh the center and end portions of the bulb is u There is no base 
MBthese tubes. ‘The eleetrode terminals appear direcily on the bulb and 
% made strong enough for in- 
Mttion in a socket. The: clec pC 
H othe are similar to those in 
Base Shield 
Fra, 32,—Metal tube base 
construction (shields used in 
single-ended types). are required. 3 
<n of the advantages of this 
of socket for a greater number of tube types. This is of cor . 2P0 of tube are low electrode 
advantage, for example, in testing tubes where the large number of $0 Pacitance, low electrode con- 
and electrode combinations unduly complicates the equipment. ; 


“| é Woo lead inductance, small Fie. 34.—Ti t ission line push- 
‘The characteristics of the metal radie tubes ure ainiie ten iher Be. teaneits times anginal ee oe annlenton lino 
of the snine general type. ‘ 


Tequirement. a 
Hien ne A ENS, m 
Taye’? -frequency circuits consisting of small coils with condenser tuning 
._,_ ULTRA-HIGH-FREQUENCY TUBES Be been used with these. tubos toe frequencies as high as 300 Me. 
57. Receiving Types. At, frequencies above 60 Me (wave Ie to gil care is required to reduce inductance of the connecting leads and 
below 5 meters conventional tubes and circuits give poor perform > ®btain good by-passing. Better results at these frequencies and 
By means of tubes specially designed for ultra-high frequencits ; 
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higher ean be obtained with the relat 
transmission-line type. An exam| 

pull oscillator shown in Fig. 34 
with freedom from ‘dead spots” often ob: 
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supplied by space-charge effects produced between the screen and the 
plate. 


The resulting plate-current versus plate-voltage characteristic curves 


tors tuned over a wide range of ultra-high frequencies, (2 ori cx the teat Bentods type. Tho\kibe of tis ourve nasa 


Performance comparable with other types of receiving tubes is 


n or a-f amplifiers, detec 
mixers, or oscillators in all of the lower freque 


obtained when these tubes are used as r- 


Tyrica, Beas-rower AMpLirier 


at a low voltage permitting ine: plate voltage swing. The plate 
qurrent is also increased by the amount that the screen-grid current is 
feduced. Thus the screen dissipation is reduced, the power output 
jnereased, and efficiency increased. A high value of power sensitivity 
igobtained with these tubes. 

The characteristics of typical beam-power tubes are as shown in the 


ranges, 


Ty] a | table on page 266, 4 
Type | By | ly te} Ea |p| tee sm | Po | Balb 58. Ultra-high-frequency Transmitting Types. Power-amplifir tubes 
| | cl 4! and oscillator tubes of conventional design show a rapid decrease in power 
ey sere ‘output and efficiency as the operating frequency is increased in the region 
S “ ceiving Types beyond about 50 Me. 
os 6.30.9 {RC 350 so 1s Uvrra-nicn-rrequency Transmirrine TuBEs 
| | | 
ovo 6 ? 45} {GC} | a1siz2s)— 13 | 34) 2.2's,500,3,750, 5.5) MT-S | Octal 


eyed | 6.31.25) {HC} 200195 — 14 | ot] 2.2'2,0007,100, 6.0 STH | On 
2510 25.00.83 FRC}! no rio— 7.51 42) 4 2.00018,200 2.2 urs | 
2,5005,800 1.5 To 


3545-LT 35.00.15) Mono - 7.5 49 3 


Transmitting Types 


| 375.200 


35 | ss 9 
| 400 300)— 55 | 7510.5, 
|1,500 300-90 150.24 

2,000,400 — 90 180.15. | 
1,500 400 —109 189 


Push-pull 


s2 sao {5°} | 400 280|— 60 9018 


=— 793.25 {Fo} 50 1.200225 9010.5 78) 2.5 2.90.6) S21 

ae 7.5 3.25 50 1,250.....10011 |...) 2.5 2.00.67 S21 
3.53.25 {PF } 40 1,000 65 5028 | 85 2,0 2.00.4 TS Special 
2.03.6 {Ff 30 400.....| 75 5.0...) 1.8 1.00.75 Special | Special 


4,500) 19.5) MT-10 


: 4 25 300 9... 0.9) 1.00.7 |Special | Special 
3,900 100 - ee oa 
37501880 11 24. {7} 1,000 8,000-80040010 00, 6.9) 2.52.7 | cooled | Special 


4.509200 | T16 


Water 
2.82.5 | cooled 
| | anode 


11 24 {F} 1,000 8,000 -3on40030 S00 


7.8 Special 


be performance of tubes of this type has been improved and extended 
the u-h-f range by methods of design similar to those used in th 
i Feceiving tubes. The use of short heavy lead wires is effective in 


68. Beam-power Tubes. Beam-power tubes employ the print 
directing the electrons into beams to obtain improved tube u 
‘These tubes have a cathode, control grid, sereen grid, and plato. mint 
forming plates, located between screen grid and plate, assist in li oe and 


the spread of the beams. 


‘The wires of the control grid and screen are aligned and so 
that the electron current from the eathode is focused into a series of Must he 
passing between the grid wires. ‘This reduces the sereen-grid ew Seeerable 
also makes it possible to use a close-spaced plate with suppressoF Mer rating, 


lead inductance. Close spaced electrodes reduce the transit 
he electrons between the electrodes and permit high mutual 
ith small cathode area, Small-sized electrodes keep the 
vie capacitance low. Dielectric losses are kept at a minimum by 
of the base, by sealing the leads through a good quality of 
by supporting the electrodes with a minimum of dielectric 


Is, 


rise of the small size and close spacing of the electrodes, these 
designed to withstand high temperatures or to dissipate a 


amount of power on the electrodes in order to obtain a high 
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In some types such as the RCA 1628 and the WE 316A this has] phere, are two principle classes of gas-filled tubes, according to the 


r CA 1628 a arge occurring, . In one class a hol eathode emits electrons in 
accomplished by the use of special materials, notably tantalum, f si GUAGE Ig eer this Comets Ee oss ties ee ee 


grid and plate cleetrodes. Bie ace change, thus allowing a1 " 4 
o a pace charge, thus allowing a large current to flow with small voltage 
Peis bos SS ee ffopin the tube; In tubes of the other class is a cold cathode with a self. 
ie PP Sea or arta is made ining gas discharge, having a high-voltage gradient close to, the 
X Fe = es ne withstend high tem peiiode and a low-voltage gradient throughout a relatively long positive 
=e , " lun 
at fureand is cooled by con ia Fxamples of the first class of gas-filled tubes are the hot-eathode mer- 
aah fury-v wpor rectifier tubes and the hot-cathode gas-triode tubes known as 
e. , hyratrons. 
Ih Bovine rear g in the second class of gas-filled tubes are the voltage regulator tubes, 
seaten Rarity types a the cold-cathode gas rectifier tubes, the cold-cathode gas-triode relay 
160 cubes have’ been dascHaae tubes, and the a-c surge and protector tubes. . 
; i= iF literature which employ: a hot eee S seeeth te oe rectifiers see the section on Rectifiers 
——} __ literature which ex ower-supply Systems, 
= (4 diifering in certalh ea 61, Cold-cathode Gas-filled Rectifiers. Cold-cathode rectifier tubes 
ui eee eet senate bt low-power applications are usually filled with an inert gus such as 
3 smong these are the veloota Helium ov argon. A starting voltage of a few hundred volts is ordinarily 
$ = ductive-output tubes uired to start the discharge, The voltage drop in the tube falls to a 
3 1628 ate e br tively low value when current is flowing, but the voltage drop and 
& roth wamaioa\_ oe ee ae lube lossos aro higher than for hot-cathode mercury-vapor tubes. 
FEE 5 Hed ats jot Pot thal These tubes are used in circuits where the saving in filament power is 
Fl Dbtled! e ; ant, 
t LAE ime] fons np const er It is sometimes necessary to take precautions to avoid radiation of 
7. a tod ate a eco {noise generated by the breakdown surge in the tube, Small chokes in 
i | + charge) modulation by mea plate leads, by-pass tondensers from each plate to the transformer 
dnift-tabe, a retarding Geld or Rs or a shield around the tube and circuit may be required. 
Ul | tube, f a The following are typical cold-cathode rectifiers: 
Lo wo 0300 5 oo zomitoo ftetion. "The spaco-cha 
lated current may be sod 
_g,, _Freqvenenmegneeies per second ‘a conventional plate output Dalit 
Pig, 35,—Performance capability of trode or with the newer ind 


ulira-high-frequency power tubes, 


+ output circuits. ‘Tube Starting Peak Peak 
‘The advantages of velocity modulation are reduced input-loadit Type vo. | vgiuage | volingo | voltage, late 
itt i io ori - | “drop | fe) etrren 
transit-time loading effect such as occurs at the grid of conv are | averie | pine id slate’ | mex me 


tubes) and freedom from critically close-spaced grid electrode 
transconductance is, however, much lower than can be obtained 
conventional control grid, 

The inductive-output tubes employ conventional control-grid m 
tion of the current but direct the beam of electrons through &| 
resonator in such a manner that the electron beam induces et 
the cavity resonator circuit. The electron beam current is colle 
low voltage, thus keeping (plate) losses at a mini 

The Klystron tube consists of two cavity resonators, one @ 
arranged to produce a velocity modulation of a constant-cut 
of electrons, the other (out) mut) to absorb energy from the elect 
after it has been converted to current modulation, 


mux, | 


| 
| 
| 
| 
| 


ive-grid Gas Triodes. If a grid clectrode is introduced 
fe cathode and anode of a suitably designed gas-filled tube, the 
miso! the discharge ean be controlled. If the grid is sufficiently 
GAS-FILLED TURES ithe 1. Completely to cut off all electron flow from the eathode, the gas 


‘ube remains in its normally unionized condition, 
There are a yariety of useful functions performed by the many “anepes 5 ¢ 5 : 
of gas-filled tubes. ‘These tubes, after evacuation, are filled grid voltage is made less negative or the plate voltage more 


‘ ° N & point is reached at which electrons begin to escape. These 
pressure with an inert gas such as argon, neon, or krypton or with# Ons produce ionization in the gas, which in turn helps mor electrons 


vapor. 
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to, eseape, so that the process is cumulative. The current . Fs : 
within a few microseconds to a value limited only by the imj jhe voltages is nearly constant. Near zero grid voltage the characteristic 
the external circuit. s appreciable curvature. 
Aiter the gas becomes ionized, the grid ordinarily has no fui 3600 
on the flow of the plate current. ‘The grid is said to be covered “1 TFG-I7 | 


sheath of positive ions which neutralize the negative field of the SENS <5 Grid Voltage ~Anode3200 
[es oN Po | Voltage Curvés 
‘Typrcat, Hor-carnopn Gas ‘Trropws (aso Known As THYRA’ i ELT Bp =25 Volts eo [2000 
Griv-ciow TuRes) | abs Eek at f £ 
2400 = 
| Plate current, ma A ;—|2000 
: Steg oan SEPT NS » 
a Br | Tr | cathode ] LIN Ss 1600 S 
| Average Peak | b - | 
a 3 : eo cd a a BI | | tog 
Negative-grid Gas-filled Tubes { Ss cS) 
ate : ee e 800.5 
at | 6.3 | 06 | {Bc 23 300 400 
885 | 2.5 | 14 | fiecy | 23 300 | | | | 

ro-7s | 2.5 | 2.25| {2 125 | “ALD 8 156 6 822 AL : 

zicta | 2.5 | 0.0 | {9 400 | Grid Voltage at Start of Discharge 
vost | 26 | 80° |-19 eet | , 86.—Typical mercury-vapor grid-controlled rectifier characteristics. 

i beset ei | galereury-vapor tubes show a different control characteristic curve for 
Nogaiivegrid Mereu = er fererrt temperatures of the condensed mercury, 
= = T ACT = Tyrreat Hor-carnope Posrrve-ariy Gas Tropes 

xu-0ss | 2.5 | 6.0 | {2 100 300. | 

ae Ueda 9 oe stil Wales ee ] Plate current, ma sanesiG 
| | fg] eee ios Plate volt 
¥G-17, | 2.5 | 5.0 3 500 2,000 | 4 * | cathode ipatae: Pony (fe msimum 

xu-027 | 2.5 | 6.0 | 2 610 4,000 3 
‘ 2 by) 

KU-638 2.5 6.0 by 2,500 2.5 6.5 400 800 750 
PG-27 5.0 | 7.0 5 10,000 5.0 0 4.5 2,500 15,000 1,000 
ros | 6.0 | 45 | Rec} | 15,000 5.0 | 4.5 | 2,500 15,000 1,000* 

KU-628 5.0 5 | r 16,000 5.0 20. 12,500 75,000 | 10,000 

DKU23 | 5.0 | 20 143} | 40,000 

FG-29 | 5.0 | 17.5 | fc} 75,000 5 
| | | Cop-catnope Gas-rriope ‘Tunes 

If the plate current is stopped long enough for ionization to Plate current, ma | 4. iaate| Acc starter 
(usually about 0.001 see. or less), the grid will again exert control. | "Vatlage’ |  slectrode - Remarks 
when 2 gas triode is used as a (60-cycle) reetifier, the output | average | Peak | ™™* | “inne peak’ 
be controlled, since the control of the grid is reestablished di & 
negative half cycle, q 7 13 

‘he control characteristic for a gas triode may be a single curve ) 100. | 105-130 110 | Starts with 55 peak r-f 


plate voltage to grid voltage at which the discharge starts. | | ete AT 70 Renata 
negative grid voltages this is usually a straight line, since the 10 | 50 220 P A-c positive control 
seer . | Positive control 
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Treica Hot-catuope Gas Terrope Tunes 


63. Positive-grid Hot-cathode Gas Triodes. Gas-tr 
designed for positive grid control are used in circuits where it is: Puate Gardin a +|D astd Soatapal peak 
to eliminate the negative grid voltage. The eathode to grid regi : wel we Typ 

cathowle 


Average | Peak | Forward | Inverse * 


Negative-grid Gas-filled Tubes 


375 350 700 
500 | © 650 | 1,800 

L,C=High-Q Tuned Circuit for rf Signal 2,000 180 
Ry7 15,000 ohms (ywatt) ‘ La 
Rz*/0000 » 2 10,000 1,000 1,000 
25,000 | 1,000 | 1,000 


Fig, 37.—Cold-cathode tube remote-control circuit. 


Nogative-grid Mercury-vapor Tubes 


shielded from the anode field in these tubes that a small positive} 


d to give the electrons enough velocity to ionize the gas. ] 


to the high grid power required, these tubes are not used so gener | 2,000 1,000. 1,000 
are the negative-grid tubes. 15,000 | 1,000 | 1,000 
64. Cold-cathode Gas D a . 


‘These tubes are most useft 5 fic} | 6.400 | 40,000 | 1,000 | 1,000 

trolling relays or other { { 

where it is desirable to 

power consumption low du 

stand-by periods, 

They are usual; 
ve-grid control, Am ce tube the starting of the 
mpulse picked up © trode of high resistance 

electrode or a ¥@ € 

developed in a tuned ei 

used for control. 


aaa Ot Poor-cartope Inausnsion-starrer Tupes 
cit T 
Current, amperes Voltage peak 
tetrode tubes have as — a = 
0 shield grid. By the use Aver Peak =| orse 
“I-84 0 4 8 12 16 grids the current to the con! : ee a eee aoe 
Control Grid Voltage ean be reduced and cr FF aa r= 7 
Fic. 38.—Characteristics of shield- reaned. 7 20 1000 "750° | 
50 2,000 750 
75 5,000 1,000 


Surge and Protector Tubes. ‘These tubes are two-electrode gas- 

ie tubes. They are connected across a line or circuit for protec- 

Binst excess voltage. When the voltage exceeds the breakdown 
the protector tube, a discharge takes place which limits ¢ 
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The following are typical tubes of this type: a connected in parallel with a load, small variations in the applied 
A-c Surce anp Prorecror Tuprs {from a source with sufficient resistance) or changes in the load 


irs Current, amperes 
Breakdown 


‘of a by-pass condenser at very low frequencies where the size of a 
68. Ballast Tubes and Voltage Regulator Tubes. A ba gdenser would be prohibitive. 
current regulator tube is used as a resistance connected in 
load in whieh it is desired to maintain constant current. It eon ‘Trrican Voutace Recurator Tones 
wire filament enclosed in a bulb filled witha gas. The tem) - 


Fesistanee characteristic of the filament is such that ballasting Voltage ae 
Within the limits of its useful operating range a small change’ Type | Ts =“ 

is accompanied by a.telatively large change in its termi Oper- | Starting | pag | Mask | Mini | 

When connected in series with a load, any change in the applied Wee Sheer 

absorbed largely by the ballast tube, hence the current and volt: } =| = - 

joad remain approximately constant. Since it has a limited m | 48-07 87 3.0 2.0 0.4 4% X Me 

operation, it must be designed for a definite value of current ~ ‘3 2B Maxi gee 
¢ ballasting action changes slowly and may require seve Ri05-3 5 3 30 5 1 

to reach equilibrium, Consequently it is used for compensati P 30 5 i 


changes, sucli as line voltage changes occurring during different ps 
aya UB fluctuations. f the ba 
jecause e high operating temperature of the bulb, 3 

precaution is usually taken to enclose the ballast tube in # CAPHODS-BAX TUGES ; 

or perforated metal shield (the soft glass bulb may develop e-my tube is an electron tube in which a beam of electrons 

crack, and explode, especially if it accidentally comes in cont thode rays) is focused and deflected so that patterns (wave forms or 

cold metallic object). rmed. ‘The patterns may be made visible on a fluorescent 

m such as is employed in an oscillograph or in television viewing 

‘Trrrcat, Bartasr Tupes Pe oF may be used with mosaics or other means such as are 

ision pickup (transmitting) tubes. , 

iples of Operation. Karly types of cathode-ray tubes 

oyed yas at a low pressure to assist in focusing the beam and in some 

oltage types to generate electrons by means of a discharge in the 


‘Type 


Modern high-vacuum tubes the electrons emitted by a thermionic 


$90 | : le ure focused into a beam by means of either electrostatic or elec- 

BS *. B&amnctic fields applied at one or more positions along the beai 
applied near the cathode (or ‘ily by the electrodes in the 

Bt 36 05-13 ? Perform the functions of accelerating and controlling the electron 


mi... oncentrating the electrons into a small area (called the crossover 
™ and forming a beam. The beam passes through a final focusing 
“4 my thich focuses the beam t D deflection of the beam the 
A voltage regulator tube is a gas-discharge tube. It has, in its a4," ace to move, thus tracing patterns i cordance with the applied 
form, two electrodes between ‘ohtoh a self-maintained gas disch x fields. 

lace, The voltage across the discharge remains approximately €0! electrode structure from cathode to final focusing field is com- 
or a considerable range of the discharge current. ‘ nown asthe electron gun. 
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The deflecting fields are usually applied in the region beyg Types of Deflection. ‘The clectrostatic deflection tubes are used 
electron gun, i.e., between the final focusing field and the screen f Be oneral oscillograph purposes. Since almost negligible power is 
Surface on which the spot is focused). al by the deflection plates, they can be connected across almost any 
For maximum deflection sensitivity the distance from deflectis in which it is desired to observe the voltage variations. The 
to sereen should be large. ‘Thus the deflecting fields are, usually: is directly proportional to the voltage. 
as near to the final focusing field as is permissible without 2 - 
distortion, 
‘Tubes employing electrostatic fields ordinarily have 
purpose within the tube, Voltages applied to the elect Deflection 
produce the electrostatic field. 


Typrcay Carnope-Ray TuBEs' 


Since electromagneti¢ fields (low frequency) pass through | Ls Vet 
negligible distortion, it is most convenient to use external coils Focus 
employing electromagnetic fields, Current through a coil r — 36H type 
the proper position produces the electromagnetic field. | | et) ee Type |_—_ 
‘There are available tubes employing electrostatic (final) fo sine dase! gp | BSE | an | |p | babs 
tromagnetic (final) focusing, electrostatic deflection (deflection ter, inches | ene | mm/¥ mam/¥ 
electromagnetic deflection (deflection coils), and in some cases a 60 | zeal ire! 
tion of these, Per. | | | 
70. Screen Size. The viewing screen of standard types of € a | wy [eax 
ray tubes ranges in size from 1 to 12 in, in diameter. Expe , 4 —120 
tubes ranging up to about 0 in, in diameter have been } 5 \a] 6304, 3 Pe 
strated, Owing to the tremendous atmospheric pressure (147 9 1% Heege ; 5 
square inch) on large bulbs these tubes are sometimes made of 5 G a) 640 | 140 
Screen sizes ranging up to 5 in. are commonly used for lal 3 ia | 6.58 | 0.46"}1,000- 2,000)— 
oscillographs or for viewing by two or three persons. For, vie *\52 home| | 0.28 | 0.48 |1,000- 2,000 — oo 


larger groups, classroom demonstrations, lectures, etc., 4 9-in, 


6 3 {3 1,000 2.000) 60 
screen is desirable. ‘ 5 Hecamal oiiale tentapeeaal sk 
71. Screen Material. Screen materials might be classified acco) 00 O10 600-0001 — 38 


color of fluorescence, to persistence (which is the time required 

phosphorescent afterglow to disappear), or to efficiency. 
Medium-persistence screens are available in green, yellow, and 

fluorescent colors. The green (willemite) screen is probably mi 


factory for general use. Its efficien including visibility, is highs | 0.55 | 0.68 

tionary patterns can be readily photographed. ‘The yellow i o oe | Bee ee 

sereens are less efficient than the green but are preferred because @ le ee S 1S3 | ois | oat 

for television use. 4 434| Teonoseope (film) es jon a 
Short-persistence screens of a blue color are used for photogt Iponosaobe (ee) Cay | i’! » 

recording, The short persistence permits continuous moving Monescos (C00) pa oy 0 

ing. Ordinary blue-sensitive photographic emulsions can : | 


these sereens. Long-persistence sercens of a bluish color are = ‘ 
observing the complete trace of a phenomenon that occurs slowly the magnetic deflection tubes are preferred for television work, Good 
direct comparison of the traces on the screen after the beam dé ‘sion pictures ean be produced with electrostatic deflection tubes, but 
has ceased. Because of the lower intensity of the persistent in quired deflection voltage is too high when the high-voltage anode 
viewed best in subdued light, My Sereen) is operated above approximately 2,000 volts. 

72. Operating Voltages. The high-voltage supply for (sealed: 4. Deflection Sensitivity. ‘The deflection sensitivity for the electro- 
vacuum) cathode-ray tubes ranges from 250 to 1,000 volts for af Hie types at rated minimum anode voltage ranges from 0.08 to 0.58 mm 
voltage oscillograph tubes and to about 15,000 volts for tubes holt. For an anode voltage of 1,000 volts the sensitivities range from 
recording transient phenomena. but 88 volts per inch deflection up to 680 volts per inch. Most types 

For oscillograph tubes, operating voltages of 1,000 to 3,500 Sensitivities in the range 38 to 80 volts per inch. The sensitivity is 
satisfactory for most purposes. Higher voltages are useful whel “7; 8ed-in proportion to the increase in anode voltage. 
tional brightness is needed to speed up photographic recording: ithe deflection sensitivity of magnetic-deflection types depends upon 
television viewing, voltages of 6,000 to 7,000 volts are commonly ¥ mm ™Pere turns in the deflecting magnet and upon the length and 
increase the pletiness and detail of the pictures. “Mgement of the coils. 
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75. Modulation Characteristics.‘ For television applicati ie capacitances, where 
modulation characteristics are important, The beam current Netn-v 
focus into a spot almost as small as the width of one line in the igs 
The spot size should not change as the beam current is mo 4 frat 
hangs the picture brightness. A value of transconductance direct interelectrode capacitance isthe eindese beta speci ying 
high permits small signal voltages from the video amplifier. tube capacitances, It 1s preferred to u he old Rerterey tyes 
statically focused tubes should have sufficiently good regulati at vith one electrode floating or peeves 5 one ¢ iS a Paar 
voltage supply for the second (focusing) anode to accommodate thes strodes connected together, Hither o} these me tho re bebe: 
anode current modulation without defocusing. mich are not independent of the particular srrangemen of epper a 
‘The maximum beam current which can be obtained without edirect interclectr Je capacitance is the same regardless of the typi 


i i i i i i it. 1 tance cket and socket connections 
effects causing loss of picture detail determines the maxim ring, it. ‘The capacitance of the socket an > 
brightness hea ie _a not ineluded. rhe tube is usually measured with the cathode cold. 


hen the cathode is heated and voltages applied, the capacitance may 
OG ORRIN reas ge a small amount. 


76. The Photoelectric Effect. Certain metals, notably Cop 
metals, have the property of releasing electrons when irradiated 
light of certain wave lengths, notably the wave lengths correspon 
the shorter end of the visible spectrum (violet and ultraviolet), 
Brey, is the basis upon which phototubes operate. These ar 
cathode tubes in which the electron flow is controlled by the int 
illumination permitted to fall upon a light-sen e surface. 
two types in general use, the mee acuum tubes and those in wi 
is some gas. The latter are more sensitive, but there is not Fi. 40.—Tetrode network. 


relation existing between light intensity and current flow that is exut 
s 3 ‘The three direct capacitances of a, triode are grid-plate capacitance 


teristic of the vacuum types. itane 
Phototubes have found application in sound motion picture IG,), grid-cathode capacitance (Co), and plate-cathede eapactatte 


lating variations in film density (or a variable area of b (;,). ‘The grid-plate capacitance allows energy rom. 
sound variations, and in industry where they. perfor certain fle to the grid cireut having an important effect on the stability, and 
functions through the medium of a beam of light. In the labo iiput impedance. The grid-cathode capacitance ee he ls pce 
phototubes are often used as a means of measuring intensity of i citance shunt the input and output load impedances having 
tion either for its own sake or as an intermediate method of me 4 on the tuning or frequency char- 
some other quantity. eteristics, ~ 
Since phototubes are not used to any extent in radio communitt {The direct interelectrode capacitances 
they will not be discussed further in this volume. For further dil 4 tetrode are represented in Fig. 40. 
aworykin and Wilson, “Photocells and Their Application,” John} six direct capacitances form a thre 
& Sons, Inc.; Henney, “Electron Tubes in Industry,” McGraw-Hill h network. When the tetrode is 
Company, fnc.; Fink, “Engineering Electronics, nected as a screen-grid tube, the 
Company, Ine. n grid @y is effectively grounded, 


—E vi vork 
3 roo-mesh network is reduced to Fia. 41-—~Hauivalent, Retwor 
eect none ees CELenGe, equivalent. single-mesh triode né pee be 
TT. Tube-equivalent Network. ‘The capacitances between th rk, The sereen-grid cathode capacitance (C,,r) is effectively s! 


mited by a large by-pass condenser, ‘The control-grid to sereen-gri 
Dacitance Cred is tr parallel with the control-grid to cathode eapne 
).. ‘The sereen-grid to plate capacitance (C,,») is in parallel 
th the plate-to-cathode eapacitanes (Cy,). ‘The equivalent network 
jown in Fig. 41. : 
Th sitanees of a sereen-gtid tube are usually stated as the maxi- 
fate capacitance (C,,p), the average input capacitance 

Cas + Cows) 


Ad the average output capacitance (Cy) + Coun 


plate, and filament of a triode are illustrated in Fig. 39 and 


Fie. 39.—Interelectrode capacitance network. 


equivalent mesh network, ‘These are the direct interelectrode ¢ 
tances of the tube. In general, an n-clectrode tube has N direct 
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78. Measurement of Interelectrode Capacitan The di 
electrode capacitance can be measured with the bridge cireuit of 
The electrodes to be measured are connected to terminals AB 
remaining electrodes and any shields are connected to ground term 

When the bridge is balanced, the eapacitance is 


Rc 
Bz 
‘The resistance R corrects the phase and balances the effect of 
tance across R:. 
Any leakage resistance Ras across Cay cause an error, 


leakage resistance Ray is known, the ca e Can is given 
leakage , tance Can is given | 
RC 


Can = EE. fy 4 
va «(4 oY Ran 


For example if (RiC/Rs) = 5.0 uuf, the frequency is 1,000 
Ran is 100 megohms; the eorreetion factor we agpinimeale 


Cis = Cy = 


4p = 4.75 uul 
79. Radio-frequency Method, 
method of measuring the direct inter 
capacitances is shown schemati 
43. The r-f oscillator supplies sul 
age to cause a current through 


@ 
Fic. 42.—Measurement of Fic. 43.—Method ii ub 
tube capacitances. capasitaneess 


can be measured with the thermocouple TC. The capacitance 
not affect the measured current if the voltage Eis held cons 
reactance of capacitance C; is high with respect to the low-re 
thermocouple. ‘The indicating microammeter I has one side 
pe Me L a by: pase condenser C keep r-f currents out 
meter J. When the voltage Z and current p 
Gale waved ee re d current J are known, the eapae 
ad 


of 


reased until the 
e two readings 
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J capacitance is the value of the tube oy Rote Cy The rf 
e¢ E should be constant. The absolute value of the voltage and 
wt need not be known. A thermocouple with a filter and meter 
nected in series with a small capacitance across the oscillator terminals 
be used as the voltage indicator. 
Grid-plate Capacitance of Screen-grid Tubes. ‘The direct grid- 
citance of n-grid tubes is a small fraction of a micro- 
Bridge measurements are not generally satisfactory, The 


Msubstitution method is convenient for this purpose. Figure 44 is the 


circuit. C is a standard capacitance having a range equal to 


RE Oscillator 


Fic. 44.—Measurement of screen-grid plate-grid capacitance. 


range of capacitances to be measured. Coaxial cylinder capacitors 
be constructed accurately covering an extremely small capacitance 
ye. ‘The thermocouple current indicator should be replaced with a 
ive indicator such as a tube rectifier or earborundum crystal. The 
e of the tube should be shielded from the grid. A balancing tube 7: 
me type as the tube 7’; being measured serves to maintain the 
be input capacitance load on the oscillator. The low-capacity switch S 
first thrown to the tube 7; under test, and the reading of the meter 
The switch is then thrown to the balance tube 7’; and the stand- 
d condenser C adjusted to give the same reading on the meter. The 
l-plate capacitance is equal to the change in the standard capacitance. 
81. Receiving Tube Bases. ‘The bases of all standard types of ree 
tubes fit one of the following types of sockets: 
WD 4-pin. 
Brnal mab 4-pin, 
in 
tpi 
Spi 


Bin smal 
Bei edi, 


k-in types (trade names Loktal and Octalox). 
itton-base. 


mathe WD 4-pin (used on type 11) and the small nub 4-pin (used on type 


Mya Pes. AFC now practically obsolete. 
4-pin socket accommodates the small 4-pin base, the medium 4-pin 
mont the tapered small 4-pin base. 

aged socket is used for both the small 5-pin base and the medium 


b-pin socket holds the small G-pin base and the medium G-pin base. 
Rte Zpin small-type base requires a 7-pin small-type socket. 

has its pins arranged in a larger diameter 
than the 7-pin mall base and requires a 7-pin medium socket, 


pin medinm-type base 
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‘The Octal base (first used on metal tubes) has eight equally spag . 
arranged around a central locating lug. On tube types requis 
than 8 pins, some pins may be omitted, but the positions of the oth 
remain unchanged. Thus all Octal-base tubes fit the same Oela . 
The smail wafer Octal, the intermediate-shell Octal, the dwarf-skell Q 
small-wafer Octal with sleeve, the small-shell Octal, and the me 
Octal bases all fit the same type Octal socket, i 
Lock-in type bases (trade names Loktal and Octalox) have a SECTION 9 
locating lug with provision for Jockin the tube in the socket, 
small pins are equally spaced, with pins omitted when not need 
cial constructional features ate employed in vasious wwpee ot th VACUUM-TUBE OSCILLATORS 
although they can be used in the same lock-in type socket. 
‘The button base is an especially smal base designed for use on mi By Roserr I. Sarsacuer, ScD.1 
tubes. ‘There are seven small pins which are usually molded direq pe x 4 ‘ 
the glass, ‘The pins are not equally spaced, thus assuring correet p 4, Classification of Oscillators. A vacuum-tube oscillator is usually 
in the button-base type socket, fined as device which converts power obtained from a d-c souree into 
‘The cap connection used on some sereen-grid tubes may be eit ltornating power. Some of the principal types of vacuum-tube oscilla~ 
small cap used on types such as the 24, 57, ete., or the mintalure ody are listed below, 
as is used on metal-type tubes. 1. Feedback oscillators. 
The shirted-miniature cap requires the same size connection 2. Nogative-resistance oscillators, : 
miniature cap. a Beat-frequeney oscillators (heterodyne). 
4, Maxnetostriction oscillators. 
4, Relaxation oscillators. 


Carson, J. R.: A Theoretical Study of the Thi nt Vacuum Tube, Magnetron oscillators. 
April, 1919, i Klystron oscillators. 


Dueusan, 8.: 18, 15, 1915, 1 5, Barkhausen-Kurtz oscillators, 


w. Modern Phys., 2, October, cl i elon! i cil 
for Caleulation of Electron’ Emission from Bee chanical-clootranio oecllators. 


Referencos 


ole 


THorinted, Tongs jonum, and Tantalum, Gen, Elec. Ret This customary to classify oscillators into two groups, ‘The first group 

i EA OE er ators : Plye. Ren. 98, 48/400 lanicterized by a definite frequoney and by nearly sinusoidal voltage, 

Han Gs Pogantiat inti Plane Electrodes, Phase a such a system is started from rest, it will complete a large number of 
‘sai, 102 45, 103 


- : Be seaaaae i Pitillations before reaching the steady state in which each cycle is iden- 
oo Hampes & plusieurs tleotrodes,” tlenne ChitGa amy With the preceding one. ‘The members of this group may be ealled 
Internat: itical Tablos,"" MeCraw-Hill Book Company, Ince : monic oscillators and include all the members of the above list exeept 
King, R. W.: Calculation of the Constants of the Three-electrode Vacuum ul telaxation oscillators. 
Koarneay, Yi Calowetlor y Charncteriation and the Design of ‘Triodes, Pra fuiutucteristies of the second group are rather indefinite frequency and 
Ovtobor, 1920, einely non-sinusoidal operation. When systems of this type are 
Lanosur, 1: Emission from 'Thorinted Tungsten Filaments, Phys, Rev, 9% 3 ed from rest, they may reach the steady state in a very few cycles, 
Phys, Rev., T, VA, 802, 1916, h oscil sane eet Laseets ill 
Phe, Hoot Sheaol ola scillators are referred to as relaxation oscillators. 
Space Charge and Residual Gases on ‘Thermionie Cwm he harmonic oseillators which comprise the first group are of greater 
6.19 


a 913. Ortancs fi ch wi ipplication than do the relaxation oscil- 
Electrical Discharges in Gases, Rev. Moderh and find much wider applieatio be 


3, 'Apil 1 of the second group. _ ‘The Intter are seldom sed directly. in com= 
Iamwontyy, F. B.: Operation of Thermionic Vacuum Tube Circuits, Bell Syatell ion cireuits. ° The frequency is not very definitely fixed by the 
our) 8, Tuly, 1926. elements and so is relatively easily controlled by an external 


Perunsoy, I 1 id HP. Evavs: Modulation in Vacuum Tubes Used a8 nee, 
System ‘our... y, 19 ives. * e “ 
os = tricity from Hot Rodies,"* Long: System will not oscillate unless the various elements are properly 
a en tioned, even if the configuration is correct. Fundamentally this 
Dicciiskte ticongh Gases? 8d 02) Ga that, unless as much energy is delivered to the oscillatory circuit 
1928, ; as h the tube as is dissipated in each eyele, the oscillations capnot be 
Van pn Buty H. Ju: “The Thermionie Vacuum Tube,” MoGraw-Hill Book 66 ined. For any ee to oscillate stably at a definite amplitude, it 
ig f _ oe 0 cssaty that it involve some non-linearity.’ In some cases the nature 
Voncrs, F. B., and R. Euper: Formulas for the Amplification Constant t} n cra ry ? + 
electrode Tubes in Which the Diameter of Grid Whee te oreo aaa * hon-linearity is not obvious, but the effect is always there. ‘The 


Spacing, Phys. Ree., 24, December, 1924. 7 sy,.°! the non-linearity may be i he tube, in the resonant circuit, or 
Wann, J. C.: Some Gharaeteristies and Applications of Four fin onciinearity may’ bein tl 


versity Pres 


TRB, Ap Institute of Technology, Chieay 


0. 
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amplifiers may be used under the: ircumstances to meet the 
requirements of the particular application. When frequency s\ 
not peehecaly important, high-power oscillators may bé us 
which tube efficiencies approaching 90 per cent may be obtained, 
2. Feedback Oscillators. Oscillations may be generated 
amplifier that is conneeted so as to supply its own input voltage 
correct ee and magnitude. This is possible since the pore 
to supply the input voltage to the amplifier tube is much less 
am) lied output. Oscillators operating in this way may be ek 
feedback oscillators. Cireuits which may be used for this purpe 
shown in Fig. 1. It can be shown that, in general, the alternating ya 
fed back to the grid of the oscillator tube should be 180 deg. out of} 
with the alternating voltage across the plate terminals of the tube. 
voltage fed back to the grid must further have an amplitude sul 
to develop the output power necessary to maintain this vel 
the tuned-plate, tuned-grid, and Meissner oscillators, Figs. 1a, 
le, this is achieved through mutual induction between the plate 
circuits. In the Hartley and Colpitts oscillator cireuits, Figs. Id af 
the grid voltage is obtained by applying a portion of the voltage d 
in the resonant circuit to the grid. ' In the tuned-plate tuned-grid 
Fig. If, the energy necessary to develop the grid voltage is fed baal 
grid circuit through the plate-grid capacity of the 
IThe dreqiuenoy.s¢ which oscillation ne 118 approximates very né 
frequency of the resonant circuit associated with the oscillator. 
case of the Meissner and tuned-plate tuned-grid oscillators it m 
shown that, since these circuits have more than one resonant brant 
may operate at either of two frequencies when the coupling bet 
two cireuits exceeds a critical ; 
One of the most popular o: ‘or circuits is the Hartley, This] 
ity is due partly to the fact that the criterion of oscillation is 00 
critical. The amplitude of oscillation is easily controlled by adji 
of the tap on the oscillator coil. For the generation of low aud 
quencies, with good wave form, the Hartley oscillator is part 
suitable, This is because the resonant, circuit condenser shunts bO 
coils L, and L, and hence gives a lower frequency of oscillation {oF 
total inductance than either the tuned-plate or tuned. cill 
The Colpitts oscillator is less convenient to operate 
quency oscillator since it is necessary to vary both C, and Cy it @ 
maintain oscillations. © However, with this type of oscillator the 
ance of both the plate and grid circuits to harmonies is quite 1oW. 
these circuits are shunted by the condensers C, and Cy, respee 
‘This low-impedance path for the harmonie currents results in 


in the harmonic voltages generated in the system and hence imp® 


the wave form. 
Any of these fundamental oscillator circuits may be modified to 
two tubes in push-pull or in parallel. With parallel operation, 
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fillation which may be developed must be suppressed (seo Radio- 


quency Amplifier Section). With push-pull operation the harmonie 
nt is decreased and the frequency stability increased over that of 


COE Ne rape 
(6)-Tuned plate oscillator 


(e)-Colpitts oscillator (F)-Tuned.-plate funed-grid 


Fic. 1.—Types of feedback oscillator circuits. 


Fitgle-tube circuits. Pi -pull operation of oscillators is particularly 
tageous at high frequencies, 

ih the plate supply voltage is connected in series with the plate 

Hives, the connection is called series feed (see Figs. 1a, 1b, le, 1f). 

ate-supply voltage is connected through a choke coil to the 

Of the oscillator tube and the oscillating circuit is connected through 
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é gemay design them in such a way that the variation of these factors does 
a blocking condenser to the plate, the connection is called paral pot affect the frequ of oscillation. ‘The principal methods of doing 
(see Figs. 1d, le). In practice it is usually desirable to employ this are by the use of the following: 
feed since with this type of connection the resonant circuit is Piesoslovete ocratele 
from the d-c supply voltage. sl epaetostrionion roes. 
Fixed bias is rarely used in feedback oscillators. Resistance & Beloction filters. 
shown, is almost always used in order that the oscillator be self- &, Resistance stabilization. 
and that stable operation, as is discussed in Art. 14, be ensured. 5. Reactance stabilization. 
8, Frequency Stabilization. 1. Causes of Frequency Variation. Bridge stabilization. 
are three major causes which contribute to undesired frequene 4. Piezoelectric Crystal Oscillators. Oscillators which have the high- 


tion.! These are a result of changes in (a) tube characteristics, (6) fst frequeney stability are those which are controlled by crystals. ‘This 
parameters, and (c) mechanical arrangements of the oscillating fontrol is based upon the piezoelectric effect, which is a means by which a 
Tesonant circuit. ae mechanical motion is coupled to an electric cireit. When a piezoelectri 
Changes in the tube characteristics result in general from chau jaterial is compressed or stretched in certain directions, electric char; 
(a) plate‘potential, (b) grid potential, (c) filament potential, (d) ars on the surfaces of the material that are perpendicular to the axis 
emission due to causes other than (c) (such as disintegration of fctrain, Conversely, when such a material is placed between two 
ment), (e) changes in spacing of tube elements, and (f) interruj metallic surfaces and potential difference applied to them, mechanical 
(keying) of the circuit. strains are set up within the crystal. The amplitude of the voltage 
Changes in the values of circuit parameters result from (a) cha produced by mechanical strain may vary from a fractional voltage to 


temperature of inductances, (b) changes in temperature of capaci Severn! hundred volts. 
and (c) changes in power taken from oscillator. ¢ ‘There are a number of crystalline substances which exhibit this piezo- 
Changes in the mechanical arrangement of the cireuit elements Weetric effect; among them are quartz, Rochelle salts, and tourmaline. 
caused by (a) vibration, (b) electromagnetic force, (¢) electrostatic Of these, quartz is used almost exclusively for controlling the frequency 
and (d) tomperabire. ‘ of oscillators because it is mechanically rigid, inexpensive, and has a low 
2. Methods of Chee Frequency Variation. ‘The plate temperature coefficient. Tourmaline is sometimes used (although it is 
polarizing potentials may be stabilized by employing voltage-re more expensive than quartz) because it may be ground to a smaller size 
devices. Since the oscillator tube is usually operated so that there ied. therefore, havé & higher resonant frequency. When crystals aro 
abundant space charge in the neighborhood of the filament, slight iiGi ins cloctrig cirouits, they aro cut into bars, slabs, and other geometric 
tions in heater voltage and cathode emission have a small effect. fonfigurations which bear certain relations to the crystal structure. 
spacing of the electrodes, which may vary slightly with tube tempe The frequency at which the als vibrate is determined principally by 
affects the interelectrode capacities. ‘This effect may be minim} their physical dimensions. Articles 5, 6, 7, and 8 of this section describe 
the choice of a larger capacitance in the resonant it and the the crystals, crystal cuts, methods of temperature control, and methods 
circuits in which the resonant circuit capacitance shunts the of mounting. - 
between the plate and grid. At higher frequencies, where the There are many circuits in which piezoelectric crystals are employed; 
circuit capacitance becomes of the same order of magnitude as the Wo representative circuits are shown schematically in Fig. 2; these have 
grid eapacitance, this effect is increased. Been desi Others are described in more detail in later 
Changes in the values of cirenit parameters such as those eat Bitione Ans 
temperature variation of inductance and capacitance can be redi Mplacing the er 
(a) temperature-controlled compensating inductances, and (6) Sireuit represents the crystal 
ture-controlled compensating condensers.* Padenser inductance and re nee shunted by the capacitance of the 
It can be shown that the frequency ‘iMation will be aff older, Care must be taken in the choice of the biasing resistor R., 
changes in load unless the power output can be taken from the Mhown’ in the circuits of Fig. 2, since this resistance, in addition ta its 
without changing the current in the inductance? The use of iction of controlling the grid polarizing potential, also controls the 
amplifiers or electron coupling m it possible to prevent, cht Se. which flows through the crystal. If this current exceeds the safe 
Ip e esapaeotink the, treqneney ectron coupling is disc tating value for the crystal,* the crystal may vibrate so violently as 
rt. 30, Shatte: e] b 
By careful mechanical and electrical design it is possible to red ee es 
effects caused by vibration. oe 
Rather than attempt to prevent the variation of the tube el 2 through U. § 648 filed between 19 
istics in oscillators in which a high degree of frequency stability is Ax Dymg, K. 8, Proc. 1.8.E., 16, 742, 1928; and Mason 


ELLYN, Proc. ILR.E., 19, 200%, t safe operating value for the current through the erystal may be set 
arritas, W. H., Wireless Ends tly SeerGo nee for Lt crystals and about one-half this value for eryatale 


gene} and Application of Electron Tubes,” p. 332, MeGi 


have been 


"1924, and Ue 8 


288 


THE RADIO ENGINEERING HANDBOOK 5) VACUUM-TUBE OSCILLATORS 289 


If the plate circuit of Fig. 2a is inductive, the effective input eor 
ance of the tube is negative, and oscillations may be set up tn at poe 
cireuit connected between grid and filament. To keep the plate from the cry ek : A 
circuit inductive, it must be tuned to a frequency slightly higher th Crystals aut Mes cenala een the coe Eat e a eee eae 
of the crystal. In the cireuit of Fig. 2b, the crystal is connected b iat perpendicular to the Y-axis are called UU OF leg. cut (see Fig, 4). 
the plate and grid of the oscillator tube. ‘This cireuit will oseil though both the X-cut and Y-cut have been used extensively, they are 


eS cpa : oly seded by more modern 
when the plate circuit is capacitative, and hence the natural fre largely superses : ¥ 
of the plate resonant circuit must be slightly lower than that “t ich grape improve the perform- x’ | x” 
tal. et cry 
The resonant curve of a crystal is extremely sharp, and it is this Bie excelente Cyst Ca Ae 
acteristic of the crystal that makes it suitable for use in control Beiostions: yavanna 
frequency of oscillators, The standard measure of the sharp ideal Veena 
resonance of a crystal oran electrical circuit is usually denoted by ne te cantioate ior the ont; 
is numerically equal to the ratio of the total inductive reactance Bnet Cogree centigrade tor the aout, 
ot total effective resistance gms d +100 to —20 parts per million per 
ialisting oie » centigrade for the Y-cut. When 
@ of the equivalent ola y are used as frequency-control. ele- 
Crystal is of the ordaain ts, provision must be made to keep 
tude of one hundradig their temperature constant, Also these 
which con be attained ates often exhibit discontinuous fre- 
dinary inductances and .¢ Eauenoy-tomperature characteristic 
the in view ofa” ‘his characteristic of the Y-cut pla 
selectivity, the erystalliil ain be improved by suitable grinding, 
late over’ only a_ very lle the X-cut plate cannot be imme oes 
ck Wi = 4 Rees ‘proved, and may often be inoperative at the desired frequency of operation. 
drecrueny zaige. Wilk temperatre oon rolled ores ae Front the statement above regarding the range of the temperature 
circuit described in Art, 13, short-time frequen y drift may be kept Wollicient for the Y-cut plate, it might seem ossible to get a plate having 
+6 parts in 101°, is: ; ‘A zero temperature coefficient. Marrison! found this to be the case for 


s ‘1 the so-called ring or doughnut plate when operated at a temperature of 
f crystal oscillators may oer ean ‘This plan He 
=o pas oan ot cay etel opsila tore Ny rary or Oe Approximately 40°C, (see Fig, 6)... This plate is, however, very difficult 
quency is required, the oscillators are usually designed’ for low p ¥ ¥ 

output, and one of more buffer amplifiers are used, In this way 

crystal current may be kept small and the heating effects due to it 
mized. The buffer amplifier also greatly reduces the effect on the ose 
of variations in load, With modern high-gain pentodes, operatit 
crystal-controlled circuits, reasonably good frequency stability 
power output may be obtained. ‘This stability i ly su 

the requirements of amateur communication, 

‘The frequency of nogative resistance oscillators may also be con! 
by the use of crystals," 

6. Piezoelectric Crystals? The occurrence of quartz crystals, 
most commonly used of the piezoelectric materials) in the natiral st 
quite generally known, ‘These crystals, while rarely 
form, have the general shape of a hexagonal prism, sometimes surmé 


sos the optic axis (Z-axis) of the crystal, Sections or plates are cut 
rystal for use as highly selective cireuit elements. 


Fro. 3.—Quartz crystal cross 
section. 


Tia. 2.—Types of piezoelectric erystal- 
controlled oscillators. 


x Xp 


SSSI 


on the ends by a hexagonal pyramid. A cross section of a symm ne Y 
crystal is shown in Fig. 3. In this diagram the electric axes (80 (a) (b) 
because the greatest piezoelectric activity is observed in the Fro. 4-=X- and Y-cuts. 


these axes) are represented by, the lines XX, X’X, and xa 
other axes, YY, Y/Y’, and Y”¥”, have been given the name “mech uri 
lore recent work has resulted in the diseotery of a number of plates 


axes.” Through the point O, perpendicular to the plane of the 4 
eh overcome most of the difficulties encountered with those plates 


2A siuusox, W. A., Proc. I.R-B., 11, 1108, 1920, and Bell System Pech. Jour, 8, 493, 


nd and therefore expensive. Moreover, it exhibits a number of 
Os resonances near the desired frequene: 


i MacKiwyon, K. A., Proc. I.R.E., 20, 1680. 1932. 
# See References at end of section. 
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mentioned above. ‘These plates are obtained by cutting the eryg 1 ate is obtained by cutting the crystal at an angle of rotation 

such a way that at least two faces of the plate are not perpendic at the X-axi deg. (see Fig. 5). The BT plate is obtained at an 
crystallographic axes. Some of these plates are considered belo of — 49 deg. as indicated. 

igen the thickness of the AT’ and BT’ plates is increased to obtain 

Z Optical wor operating frequencies (below about 500 ke), difficulties arise due to 

P mor oProxles of vibration. Even though elastic coupling between 

MP1 and undesired modes of vibration in these plates is small, it 

es important when the frequencies approach one another, as is the 

_Y-Cut momen the thickness dimension becomes comparable with the other 

—ORO® nsions. To avoid the use of unusually large plates of quartz for 


frequency operation, two new types of quartz erystal elements hav 

AT,O=+35° developed. These are known as the C7’ and D7’ plates and are 

“CT. 0= 436° Ktly related to the h-f low-temperature-coefficient AT and BT’ plates 
i ature coefficient of frequency of these new p hems 

: srating them at a suitable temperature, as indicated in Fig. 6, 

Mechanical ee C7 and DT plates are useful as stabilizing clements for oscillators 


axis ween 50 and 500 ke 

nd FT crystal cuts ero temperature coefficients at 
higher temperatures than those discussed above. ‘Their useful range, 
h is from 100 to 1,000 ke, extends to higher frequencies than that 
nd DT plates. This is because they eperate at a harmonic 
the fundamental vibration. 

‘The most recently announced crystal, called the G7’ cut,! has a constant 
quency over a very wide temperature range. As can be seen in 


Fic. 5.—Orientation of crystal cuts with respect to the crystallograph 


30 -— . 6, the shape of the temperature-frequency curve is different from 
iF P ae 

fof the other special cuts. The superiority of this cut, particularly 

20 | 71 temperature control is not used, is evident. The GT’ cut is very 


isfactory at frequen 1 100 k 
There is no definitely established frequency limit for quartz plate: 


5 ical limits are being constantly ext Plates have been 

2 

= Me, and a I-ke quartz bar has been re Quartz plat 

Se = = tarely called uy a to control more than a few wat direc! higher 
 4eo ~ 's are controlled by amplifying the eutput of the er stage 

8 NOG f Several other materials which assume a more or less well-defined 

& Ve ‘I Hystalline form have been investigated as possibilit piezocleetr 

> hn . Among these may be mentioned tourmaline and Rochelle 

S Ug ; ] 

§ 201-7 5 Rochelle salt crystals have, in general, been  discarde 

5 AV hough they have found applications in loud-speakers, microphone 

> & ; ph pickups, 

£ \ long baa length [as ’ ‘line, while it is practically ax good as quartz over a great 

$ m1 y range--and somewhat better than quartz in the range from 

e along X axis q 

[ret 


L Ist. harmonic , mit 3 to 30 Me has the dit ndvantage of being a semiprec 
"2nd. harmonic ’ is, in consequence, out of proportion to its usefuln 


50 ond the range where cryatal 0 tory control, 7. 
Me at the present time, sp I resonant circuits of extreme! 
0 2 30 4050. G0 70 80 90 100 loctivity, may! be used as requency-control clements (seo Art. 23). 
: Leh ete ; ints Temperature Control of Piezoelectric Crystals. Since the resonant 
Fig. 6.—The temperature coefficient of frequency for different erystal Feauoncy of all erystals, particularly of the X- and Y-cuts, changes with 


(Courtesy of Bell System Tech. Jour.) miberature,. it is necessary, if a h degree of frequency stability is 
Ww wach aneaaite f M4 r Taltited, to make some provision to keep the temperature of the ery 

wo cuts which are suitable for operation above 500 ke are thel7) stunt, In some eases, where every possible precaution is ta 
BT cuts. These have a zer rature coefficient whe 3 : 


temperatures of approx IV . and 25°C. (see Fig. 6). *Mason, W, P., Bell Syetem Tech. Jour., 19, 74, 1940, 
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prevent frequency variation, the associated electrical circuit 
the erystal is maintained at a constant temperature. 


Electric ovens suitable for temperature control of crystals are 
designed after the principles given by Marrison.! These princip 
the thermal conductivity of the material of which the oven is m 
ambient-temperature range, and the temperature coefficient of 
plate. 

Briefly stated, the problem is one of accurately determining #] 
perature at which it is desired to maigtain the plate and of causing 
deviation from this temperature to actuate suitable thermostatic 
which in turn cause more or less current to flow through the he 
ciated with the oven. 

n example of such a control chamber is given by Marrison as folle 

“Tt conaiste of a cylindrical aluminum shell with a wall about g 
thick, with a heater, and with a temperature-responsive element in 
to control the rate of heating. The aluminum shell has a metal plu 
screws into the open end forming a chamber for the crystal whieh 
completely closed except for a small hole for electrical connections. 

“Since aluminum is a good thermal conductor the shell equalizes # 
perature throughout the chamber and thus avoids the use of a fluid 
‘The main heating coil is wound in a single layer over the whole ¢ 
surface of the aluminum cylinder, being separated from it only by. 
sary olectrical insulation. Auxiliary heating coils are wound also 
ends so as to distribute the heating as uniformly as possible. This, i 
makes the short eylinder behave like a section {rom an infinite eylin 
protect the thermostat from the effect of ambient temperature 
heating coil has an outside covering consisting of four layers each 
felt und sheet copper spirally wound so that alternate layers are of 
and felt, the innermost layer being of felt and the outer one of copp 
This covering is very el in reducing surface gradients sinee 
ductivity in direetions parallel to, and perpendicular to, the surf 
by a large ratio.” 

The thermostat used with these constant-temperature chambers 
erally the mereury-column type. ‘This is essentially a thermometer it 
contact wires have been fused, At the point on the scale where the op 
temperature is located, the glass stem has been drawn ow i 
is to function at, say 36°C., the stem of the thermometer is c t 
elongated between about 34.5° and 35.5°. One of the contact wires 
through the glass at the 35° point; the other wire making contact with 
mercury at the bulb. ‘This elongation of the stem over a range of 1° 
causes the mereury column to move an appreciably greater distanee PEF 
tion of a degree change in temperature. 

‘This type of regulator is very sensitive to minute temperature 
is expensive, fragile, and cannot carry any appreciable current. 


8. Mountings for Piezoelectric Crystals. ‘There are, in gene 
types of erystal holders: those in which the crystal plate is firmly 


? Mannisos, W. A., Proc. I.R.E., 16, 976, 1928. Also see Carr, J. K., Prot E 
8, 2003, 1930, 
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se ving an air gap between the plate and one of the elec- 
ah maple eh-preeision work, crystals with the electrodes 
tly plated on them have been used. The holders for plated erystals 
elatively simple contacting devices. be é 
"The use of a holder with an adjustable air gap permits slight adjust- 
nisin frequency to bemade. | It is preferable, however, in ap plications 
miiring the oscillator frequency to he definitely fixed, that the holder 
mp the erystal securely. For laboratory use in frequency standards, 
ir gap may be of considerable value. In some circuits the frequency 
be more advantageously varied by connecting a suitable reactance 
ment in series or shunt with the crystal. : 
While the actual construction of crystal holders is beyond the scope of 
‘is discussion, it may be pertinent to point out some of the requirements 
h must be met by the holder. 
These may be enumerated briefly as follow: 


1. The clectrode surfaces must be lapped perfectly flat and must be entirely 
¢ of oil and dirt. . 
O The dootroden must be made from metal which will not corrode, 
Whore an air gap is employed, means should be provided for clamping 
the movable electrode after the finul adjustment has been made. 

H. Some typeof construction is generally necessary which ‘will prevent 
Ualeral motion of the plate; this may be accomplished by enclosing the plate 
d oloctrodes in close-fitting cases of suitable insulating material. > 
5. Tho entire assembly should be made dustproof and evacuated if possible. 


‘The methods by means of which the electrodes are plated directly on 
uartz are known as the sputtering and evaporation processes. Mr. 
y. Weinhart of the Bell lephone Laboratories has Prepared the 
Wing description of the technique used in these processes. He states: 


of metal can be deposited on quartz by sputtering or evaporating 
‘terial. Some metals sputter much more readily than others, for 
gold, silver and platifum films ean be deposited at a greater rate 
‘luminui. Metals that sputter slowly, are therefore, usually plated 
y th evaporation process. eA 
puiticring is a process involving the releasing of atomic particles of metal 
electron and ion bombardment in a gas. ‘The usual method, when plating 
air as the gas, is to place the material on which the metal film, is to be 
in « bell jar with a vacuum pump attached. A cathode of the metal 
‘dis mounted about 14 in. above the recipient, and « small leak 
at can be regulated, is attached to the apparatus, together with an 
minum anode located in the tube connection for vacuum pumping. 

“The system is pumped out, with the leak adjusted to maintain u pressure 
9.06 min of mercury. If « potential of about 1,900 volts is applied between 
He anode and cathodes through a suitable resistance, the gas in the chamber 

fonized and the cathode is bombarded. ‘The atomic particles of metal 
Pleased from the cathode surface diffuses as a gas and a metallic film is 
Meposited on the quartz. 

Svaporation of metal for the deposition of metal films on quartz is a 
in whieh a vacuum chamber is used that can be pumped out to main- 

Ma pressure of 10-4 to 10-6 mm of mercury. The evaporation unit, can 

in the form of a wavy wire, and made from tungsten 1/20,000 in. in diam~ 
{et wound in a close spiral, one eighth inch in diameter, and then stretched 

form wide pitch spiral turn ee : 
Jeg, ite, 1/10,000 in. in diameter, of the metal to be plated, is cut into short 
Gekths and formed into hairpin shape. One piece is placed in each depression 
‘She tungsten wire. 
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“When the proper pressure ined in the vacuum system, the 

wire : "1 i P 
TE Nea Sotdion io the dioica slew iaaaae a she circuit of Fig, 7 shows an improved magnetostrietion oscillator.* 
Tialntain » low pressure by pumping out the liberated gases Guill sists essentially of a two-tube mpedance-coupled amplifier having 
of the process, By in ug the temperature of the tungsten. and output coils shielded from cach other except for electromechan- 
attached metal is evaporated, and deposits by condensation on th oupling through the vibration of a magnetostri ive rod placed 
sj vogpa ge mtery be reap eevee Oe fy in both of them. A neon-glow lamp serves as an indicator of 
Ca eee eee ee arom aud Dey lan the ea imation. when connected across the plate coil, Operation of this 
Lf pt li Reb a 2a Shot tingpheremt a ee is dependent upon the correet choice of coupling impedance with 
UR POME A oe Enis iiicarnekot beens aaheal ita eh poli ae ae 1 to the direction of connection of the rod coils and upon the 
welding on amall pieces along the length of the wire. aston: Waa Bence of good electromagnetic shielding between the two rod coils. 
: roper value of the coupling impedance is not at all critical since it 


9. Maj icti cilla : i u } ¢ 
62 Mraguseoetacuan: Orel tots... Cadliaiors) having Samm Mos practically no adjustment over a wide range of frequencies. 
Magnetostricti agnetos' ae rods were first described by G. W, B notostrictive tods for use with this type oscillator have been cut 

ction in metals is somewhat analogous to the pi : to length to give fundamental Irequencies ranging from 5 


Ne DA ke. 
oman, ve data on oscillators of this type, including 


Pierce has given extensi 1 
uch matters as temperature coefficients and values of the function v 
the above equation for various magnetostrictive materials, 


a 
Fro. 8.—Oscillator stabilized by selective filters. 


1 ae 
Magnetostriction 
rod 
Fic, 7,—Magnotostriction oscillator. 


Tnmakingmagnetostriction rods, nickel, Monel metal, Inve Nichrome, 
be ita and other niekel aos my brome" Begause i i dfn 
coe aes -9 t i * design magnetos' tion rods which have a high natural frequency o! 
ere ca erMtneroey ues acen ses pat ccs COCA SE llation, their use is restricted as cited above. Rods may be designed 
materials as a rosult of magnetization and, conversely, & eh -y low frequencies by loading them at the ends or by using a tube 
1 Boe EI Rath A RECT eed tive material which is filled with lead or other 
netio Bod, the ed ont iinet material is placed in an alternatin Material whi 7 J propngntion of ompressional wave 
tele tRatot tierce ord rate longitudinally at a frequency » frequency stabilities of 8 parts in 10° have been obtained 
Ply uclatised: tie fen the field. If, however, the rod scillators of this type. without temperature control. If the tem 
ly polarized, the frequency of vibration will be that of the al Perature of the rod is kept constant, this stability ma, beinereased. By 


a.c. Under this condition the rod may be clamped or pivoted. Making the rods of special alloys having a low temperature coefficient or 


exact center, this being a nodal point, ’ For this condition the taking th 1 of tw otostricti rials of te ti 
Fraqtenum of mhetrod: emualiyratr tue-vange (tome CO0'ea King them of a shell of two magnetostrictive materials of opposite ten. 
Hundred dhoneand gyvoles) is eiveniby ze from 1,000 cycles to aN coefficient, the change in frequency with temperature may be 
10, Tuned-filter Oscillators. ‘The tuned-filter oscillator is essentially 

i ‘edback oscillator, By feeding back the output of a 

amplifier to the input, ver d_ frequency 

where » = the velocity of sound i ong y Such an oscillator wes de junn,? 
ie eke ot cote in dhe tod dis shown in Fig. 8. that the amplifieation takes place in 


1 = the length of the rod. . a 
fore: EY si Se ; ; More than one tube, the prineiple of operation of this oscillator is the 
TEE ner nen Ae Arie Bek 68; Apel 3028; neil Me as that deseribed under Feedback Oscillators. The frequency 
3h : nd A, Noyes, Ju., Jour, Acoustic. Sci. Am., 9, 185, 1938. 
NN, Ross, Proc. 1.2.B., 18, 1560, 1930. 
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he characteristics and hence to polarizing opuatial by toe Ce 
stability is improved by the use of more stages and by the use eitance or inductanes in series with the grid or plate of the oscil” 
complex filter sections which have a more selective filter action, Piube, or both, In his analysis, Llewelly , 
oscillators ei this type Be ae ma ne vee it a ne gumptions: eee hs 
take particular care that feedback in the individual stages does not ; irouits of the oscillator have negligible losses. 
Use of totrodes. and. pantodea, and. cateful sticiiite, scot be sr ube operates in a linear region of ite characteristic. 
Gunn gives the following data as evidence of the excellent “cirouite for each type of feedback 
action. At an a.f. of 1,000 cycles, a 50 per cent change in plate p plied thereto. From the general 
of a two-stage system resulted in a frequency shift of less than 1 the conditions which make 
At radio frequencies a change in plate potential of 10 per cent Repre- 
in a frequency shift of 0.0003 per cent of the fundamental freq In order 
Changing the filament potential 8 per cent changes the frequen 
than 0,008 per cent, ‘The above data was taken with battery-ope 
filaments, i alternating filament voltage is used, the filament mu 
of the non-induetive type. ‘The use of a buffer amplifier between 0 
tor and load will improve the frequeney stability. q 
11, Resistance Stabilization.’ One of the easiest methods for imy 
ing the frequency stability of standard oscillators is by resistance 
zation (seo Fig. 9). It was pointed out previously that one of the fi 


q & 
d @. Harley oscillator, wid 

" i Fra. 10(b).—Hartley oscillator, 
I flea Bae tien ey TO 
In 

‘i 2 o Se ey: 

fe ss O(5, Fad? — 2M A‘ TF Tad? — 2A 

Fic. 9.—Resistance stabilized oscillator. oe cee NS 


L+M 


contributing to frequency drift is change in the plate resistance 0 Lh+M Ppp me 
tube The method of resistance stabilization consists of ort + M - +e 

igh resistance between the plate and resonant cireuit of an oseil 3 7 tion 
so as to make the total effective resistance of the plate cir tly coupled to the oscillator so as to draw dbus aeey a rack 2A 
that variations in the plate resistance of the tube are relatively the available power. ‘To meet the arora canst be teed: lemellyn! 
portant. ‘This resistance also performs a second useful functiOMs plitude control such as deseribed in Art. 14 my ; 


2 = 4 : ‘ i etween the plate and grid cir- 
makes a convenient means of controlling the amplitude of oseillati r states that with unity coupling between e ii mees 
controlling the feedback voltage. Obviously the power consume , the frequency of an oscillator depends only upon the inductances 
the resistance reduces the efficiency of the system, Capneitances in the circuit and is ero py ddl), ‘thatthe losses in tho 
‘Terman has given useful design information for this type of stab ance, and amplification factor, Dhak ie voltages across the 
oscillator? He recommends the following: Moma} circuit are small and (2) that the harmonic ‘ I 
be ure sinall enough to allow the plate and grid impedance to be purely 
1, Amplification factor of (ubos should lie between 4.5 and 8. os 
es ‘Turns ratio of grid and plate coils should be unity, and coupling ” ni ide Hopedatae 
as close as possible. x erat tions in, Fig, 10 will provide impe 
3. Feedback resistance should be of the order of from two to five tim amg,cxam les, Hasiley peviator, provided the assumptions made in text 


plate resistane Baton, snplcs eee F. K. ‘Terman, " Measurements in 
Grid bias battery must be used and not grid leak resistance, « Seed en i038). 
"20 


5. Vor audio-frequency oscillators, feedback resistance should ion uits that are shown in Fig. 10 are constructed, the 
greater than 500,000 ohms. q Biliotng Sokoctcrces and capseltances may serve othe ftnetions in the 

12. Impedance Stabilization. A more general type of stabil Mind, oF example, plate stabilising condensers may serve also ns block ine 
than those previously presented has been worked out by Lie wors for the plate polarizing p i Als 


een) pe piser ta r ish grid bias when shunted by a high resistance. 
He has shown that the frequency of oscillation may be made im hen, the wechiiing facies oie thus shunted, its required value is alter 


d ‘i i ci ‘istent with the 
! Horton, its effectiveness reduced. ‘The higher the resistance, consiste 
? Toman, F ‘es, July, 1 1 F Mitation discussed in Art. 14, the smaller its effect on the required value of 
* Lupwevtyy, F, Pre 
System Tech. Jour., 17, 
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stabilising capacity. The correct stabilizing capacity is best d 
experimentally. ‘The interelectrode capacitancesot the tube areof 
tance in those cireuits where these capacitances form portion of 
circuit. In cases where the interelectrode capacitance cannot he 
in this way, variation from predicted performance may be partly 

Another factor which may produce variation from the theory ie 
tence of harmonics as previously mentioned. An effort to pro 
reactance path for the harmonies will reduce thelr effect (soe 
on Colpitts cireuit, Art. 2). 

If a variable-frequency oscillator is stabilized in this way, fi 
djust the stabilizing condenser when the frequoncy is varied. 
type of stabilized oscillator, at 1-Me operation the frequency varied 
10 eyeles when the plate potential was reduced 50 per cent and pi 
change when the filament current was reduced 50 per cent. 


Frequeney-adjusting 
| Reactances 


Crystal 


Oven 


Phase-compensating 
‘Network 
Fie. 11.—Bridge-stabilized oscillator. 


13. Bridge Stabilization. The bridge-stabilized oscillator was 
. oped by I. A. Meacham! and is a constant-frequency oseill 
extremely high selectivity. Short-time frequency variations n@ 
than +6 parts in 10" have been obtained with a single-tube el 
‘This type of oscillator, which consists of an amplifier and a Wi 
bridge, is shown in Fig. 11. 


A crystal Zs of high selectivity forms one of the arms of the 
bridge. Two other arms are made up of the fixed resistances Re 
The fourth arm #1 is a thermally controlled resistance. The output 
amplifier is impressed across one of the diagonals of the bridge, 
unbalanced potential appearing across the conjugate diagon 
the input terminals of the amplifier. 
is « lamp and is so designed 
to sustain oscilla 


* Meacsan, L. A., Proc, I.R.E., 26, 1278-1294, October, 1938; Bell System Teche 
11, 574-591, Octobe “bab! Rec, 18, January, 1940. 8 SMe 
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of » veetor diagram that a large phase shift introduced in the amplifier 
is in very small frequency shift and phase shift in the crystal, owing to 
ase magnifying property of a nearly balanced bridge. pin 
hen the polarizing potentials are supplied to the amplifier, oscillations 
up rapidly since the lamp Az is cold and its resistance correspondingly 
resulting in low attenuation of the bridge, When the lamp filament 
up, its Tesistanee increases and approaches the value for. which the loss 
bridwo equals the gain of the amplifier. If the lamp resistance exceeds 
lance value, the unbalance potential becomes too small or even inverted 
. causing the amplitude to decease to the equilibrium value. Hence 
Zamplitude of oscillation is also stabilized since the power required to give 
jmp a resistance closely approaching that of its balance value is always 
neatly the same. Variation in the amplifier gain would cause a read- 
gent of the tube balance, but resulting variations in the amplifier output 
in the value of #2 would be extremely small. 
Tn placo of the crystal in the Zs arm of the bridge a coil and condenser 
series could be substituted, Also a parallel resonance coil and 
used by exchanging its position in the bridge with 2: or 
's bridge, Z, represents « crystal suitable for operation at 
low-impedance or series resonance. ‘This mode of operation minimizes the 
is of stray capa s also found that a small tungsten-filament 
‘of low wattage rating is quite suitable. The operating temperature of 
jamp is made sufficiently high so that variations in ambient temperature 
mot appreciably affect balance adjustments. This temperature is found 
be low cnough to ensure extremely long filanfent life. 
‘The use of a two-stage amplifier, as shown in Fig. 11, provides high gain 
d correspondingly high stability.’ This circuit was designed by Meacham 
the Bell System Frequency Standard. Small manual adjustment of 
Gucncy is provided by the variable reactances in series with the erystal. 
use of the possibility of any tendency of the circuit to break into unde- 
ation as a result. of its high gain, the phase-compensating network 
ated in the cathode circuit of the first’ tube is used. 


14. Amplitude Control. Control of the amplitude of oscillation is 
nis Mabls Gomratiod!/- *Alag axtisitada control aidetn ahs 
Mietion of harmonic distortion and in the stabilization of frequency. 
the feedback oscillators of Fig. 1, the amplitude of oscillation 
ly controlled by th 


self-starting, for initially 
ation are large. Whe: 
et up in the system, 
the building up of 
This huilding-up process is accompanied by the 
of grid current, which develops a direct voltage across the grid- 
iétor-condenser combination, biasing the grid negatively. As the 
plitude of oscillation continues to increase, the grid current increases 
the grid bias and decreasing the amplification of the tubs 
Process continues until the amplification is reduced to the point 
equilibrium is established ease in the 


he time constant of the grid-resistor-condenser circuit is too 
ji the bias voltage adjusts itself too slowly with rapid changes in the 
Plitude of oscillation, This may result in a dying out of oscillations 


vac 
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before the bias can change appreciably. When the oscillati sion, He showed that it was possible to use the negative resistance 
ceased or are about to cease, the condenser charge leaks off thi duced by secondary emission for the generation of oscillations. 
tid resistance, and oscillations build up again to the equilibrium: ily the dynatron oscillator employs creen grid tube which oper- 

‘his process may repeat itself, resulting in what are called inte ‘vith a plate voltage less than the voltage applied to the sereen grid. 

oscillations. these conditions the characteristic shown in Fig. 13b results. 
en be there is an appreciable range in which a positive 

ement in plate voltage causes a neg: rement in plate current, 

ynegative resistance. Secondary emission of electrons at the plate 

this negative resistance characteristic and may be explained as 

s: The potentials of the control and screen grids determine largely 

mber of primary! electrons which arrive at the plate. The plate 

tial, however, controls the velocity at which the pri electrons 

ike the plate. Therefore, the number of secondary electrons? pro- 

c the plate increases as the plate voltage is increased. All the 
increase its sensitivity. Equilibrium conditions may be ob ondary electrons produced are drawn to the more positive screen 
small amplitudes of oscillation, where the operating condition , and the effective plate current is the difference between the primary 


one 7 


Nepative 
Tressel Be*constont 


Bias diode as 
cathode positively 
for delay action 


Plate voltage 
| 


Fig. 12,—Oseillator employing a diode to control the amplitude of 


Plate current 
° 


substantially those corresponding to class A operation of the 6 


tube, Under these conditions very good frequency stability — | ! 
obtained, with good wave form and practically constant amy Fic. 13a.—The dyna- Fic. 13b.—Typical plate current- 
oscillation as the frequ y of oscillation is changed. tron oscillator. plate voltage characteristic for dyna- 


Another method for controlling the amplitude of oscillation i tron operation, showing region of 
in Art. 13 on the Mencham bridge-stabiltzed oscillator. negative resistance. 

15. Negative-resistance Oscillators. In feedback oscillators ims received atthe 
be shown that a necessary condition for the production of, Hons lost by the plate. 
oscillation is that the tube together with the resonant eireuit ® the plate x ates is Ancreased), sabia electrons leave she’ plate 


equir el ve ‘ist 2 A istii *, 
Se ia av tage ‘As distinguished eae to secondary emission than arrive from the filament, the effective 
o y ative-resista lors are turrent may decrease. This condition results in a negative dynamic 


etree pe ne pt tequte tas ees od : i in a neg : 
MIMS To ee Hance, and the characteristic shown in Fig. 186 is obtained. Oscilla- 
YP! 8 g will be developed if an oscillatory cireuit is connected across t 


plate from the cathode and the secondary 


1. Tovheaineia cndilaboes: Watite resistance as shown in Fig. 13a, provided the absolute value 
BP 'remuniaton: oscliiaiors Cnégniive teetationdudtands): hegative resistance is less than, or equal to, the equivalent resist- 
3. Negative resistance push-pull oscillators. of the tuned cireuit. The amplitude of oscillation may be varied 
4. Negative grid-resistance oscillators. mutans of the control-grid voltage, which varies the slope of the current- 
16. The Dynatron Oscillator. ‘The dynatron oscillator of Hull! Wire, “hatacteristic in the negative-resistance range, 

ig. 13a) depends for its operation on the phenomenon of S@ n designing a dynatron oscillator, the point of operation should be 


"1 to be in the center of the most linear region of the negative-resist- 


apAmaurman, L. B., Proc. 1.8. 24, 14, 1983; Guoszxowsxt, J., Prot characteristic,? and the amplitude of oscillation should be kept 


+The a-e resistance of a dey be defined as the reciprocal of 1 
current-voltage characteri If this slope is negative for a certain ram fectrons are those which are emitted from the cathode, 
the device is said to have a negative resistance throughout thi Under J ndary eleotrons are those which 
dition a positive increment in current through the device results i : 
of voltage across its terminals. When the direction of flow of d.c. is ODP 

plied direct voltage, as may be observed in certain devices, such devices 


have a negative d-c resistance. 
S Hout, A. W., Proc. I.R-E., 6, 535, 1918, 


302 THRE RADIO ENGINEERING HANDBOOK 


9) VACUUM-TUBE OSCILLATORS 303 
small, Under these conditions the curvature in the operati . vy 4 
can be kept small and the harmonic content low. ° ‘oximately equal to L/RC) is 

Tn addition to excellent wave form the dynatron oscillator po of the current-voltage 
good frequeney stability and simplicity. ‘The chief disadvan 


this type of oseillator arises from its dependence upon secondary: pnant cireuit v 
agers sion, a property which is extrem fllation increase: 
able with age and which varies keep the amplitude of 


y stability good. 


tubes of th e type. Wi id frequen good, : 

ubos, of the sanio type: aim Avena. stnall negntive bias is applied to the control grid, the total 
ordinary size the power output is extn i i , It 

a 7 limited, ant flowing to the sereon grid may be controlled, and the negative 

o C ie 17, The Transitron Oscillator (Ni of the current-voltage characteristie may be varied, Henee 2 

‘TransconduetanceOscillator).! "Di Iible means is available for yarying the magnitude of the negative 

3 stance and thus the amplitude of oscillation. By having the oseilla~ 

e voltage regulate the bias on the control grid, additional amplitude 


ontrol may be obtained. 


transitron has been proposed by 
for the retarding-field nogativ 
hi 


conductance oscillator. TI ; . ; 
it So ey cea Hike (he dynatron oscillator, this is essentially a low-power dscillator, 
1 — rh Pie romietatios cbavacteristiaaanaa will generate sinusoidal oscillations of any frequeney from the lower 

i tron caullinter- cna hay all tiga ili to approximately 60) Me by simply. changing, the tuned cireut 


Fie. 14a.—The transitron os- 


anes stants. Suitable pentodes for the transitron oscillator are the types 


1, 58, 59, 89, GCG, 67, and 6K7. In a properly designed oscillator, 
Hiunctti reports that changes resulting from a 88 per cent change in 
dlitwet seroen-grid voltage may be kept within, 10 parts in 10° and that, in 

feral, the transition oscillator frequency stability may be compared 
vith that of a crystal oscillator without temperature control, 

48, Push-pull Negative-resistance Oscillator. A negative-resistance 
Gwillator of low harmonic content and excellent frequene stability 
‘Ean be designed employing two tubes in push-pull as shown in Fig. 14c,' 

he action of this circuit is as follows. If the two tubes have identical 


screen and suppressor grids, causin a suppressor gri ructeristios and if the voltage between A and B is zero, the two plate 
bs : ig the suppressor grid) toma rents are equal, and there ts no current flowing between A and B. 


electrons and the current to the sereen gr inc! .  Henet W H ; 
nape 2a nore Whon an increment of voltage is applied hetween A and B, an inerement 
Of current will flow which will raise the plate voltage and lower the grid 


without its disadvantages, [ts eh 

A istic is independent of secondary. 
and remains practically constant throughout the life of the tube. 
action of this oscillator, shown in Fig. Ia, is as follows: 

‘The suppressor voltage is chosen so a8 to make the suppre 
negative with respect to the cathode. Hlectrons that have 
through the screen grid are repelled by the suppressor grid an 
to the screen heeause of i high positive voltage. Hence the sup 
grid with its retarding field acts as a vi hode. A small 
increment in voltage across the tuned circuit is transmitted to 


$ foltage of one of the tubes and lower the plate voltage and increase the 
| Hid Voltage of the other (ubo, When this voltage is sufficiently small, 

the plato resistance and transconductance are substantially constant. 
Le : ation is large enough, the change in plate current exceeds 
5 “Negative etween A and B and is opposite in direction to the 
3 reuistance age, sults in a current flowing through the network 


A and B which is opposite in direction to the applied voltage, 
Tr a nogative resistance is obtained, When 2 parallel resonant circuit 

Screen voltage = : A 7 
—— igh selectivity is connected between these terminals, sustained 

- Pio. Mb. “sans valtand ates : lations are developed. 

Fe Ratt Ce Craig Denne nies aractoristic fF he amplitude of oscillation may be readily controlled by means of the 
Tro. 1e--Bush-pull negative-resistance oscillator. bias, When the reactance of the coupling condenser C, is small in 
PMparison with the grid resistance R- at the lowest frequency of oscilla- 
Mi lesired, which condition it is necessary and desirable to meet, the 
Onant circuit can be connected between either the two plates or the two 


transconductance between the sereen and suppressor grids is ne 
‘The characteristic current-voltage curve for this type of os Nat 

shown in Fig. 14b. F 
"This negative transconductance can be employed to produce a 4 é 7 Pe 
Ks ee atl s 4 4 vefrequency oscillator having excellent frequency stability and low 
resistance by the use of the cireuit in Rig. 14a, Tf the equivalent Patonic content with approximately uniform output over its a-f range has 
lesigned by Reich. This cireuit employs a diode to give automatic 


a 
pReicn, H. J., Proe. F..L., 95, 1987, 1989; also Tunwun, L, B., Radio Rev., 1, 317, 


Wa Proo, IRE. 28, 1201, 1 For an excellent, trent 


i Heron, ©. 
i nsitron oscillator see C. Bruner, Proc. 1A 


the practical design of the t 
1939. 
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amplitude control. The use of low amplitude of oscillation and 
amplification result in minimized harmonic content. Reich gives 
output of this oscillator as 0.06 watt. 


19. Low-frequency Oscillators. At very low frequencies s 
circuits become impractical. The condensers, and particulark 
ances, required become very bulky and expensi ‘Accontiai 
rather special methods of obtaining low frequencies have been 
to. The heterodyne oscillator is one of the best known. 
depending upon resistance and capacity in combination to de 
the frequency are becoming increasingly important. 

20. Beat-frequency Oscillators.’ By beating together (het 
two rf voltages of slightly different frequencies, a-f energy 
generated. Oscillators operating on this principle are called 
frequency or heterodyne oscillators. A block diagram of such am 
lator is shown in Fig. 15. The autputs of two r-f oscillators of 
different frequencies are applied at the same time to a det 

Variable, Main Tuning 
Condenser 


Buffer petector je-Amplifier 


/ncrement 


quency o 


addition to the impressed frequencies, the output of the det 
tains theirsum and’diference Trequehoy. ‘The titer, ange 
to the output of the detector, removes the fundamental radio freq! 
and their sum and leaves only the difference frequency whieh 
sr ninon as desired. 

mong the advantages of this type of a-f oscillator is the faet 
whole range of audio frequencies may be obtained by tuning & 
dial. Another advantage is that the use of large coils and cond 

are employed in other types of a-f oscillators, is avoided. 

results in lightness and compactne 


There are a number of special problems that arise in the design and 
struction of beat-frequency oscillators. One of these problems is to. 
the tendency of the two oscillators to pull into synchronism whem 
frequeney difference is small, i.c., when low audio frequencies af 
produc 

This tendency to interact may be avoided by proper shiel 
arrangement of the component parts, proper use of decoupling 
choke coils, and by-pass condensers and by the use of special: mel 
2 An exellent discussion of beat-frequeney oscillators is given by F. Ee 


Measurements in Radio Engineering,” p. 208, McGraw-Hill Book Comp 
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the oscillators to the detector. ‘The most frequently used methods 
Eto re C1) the use of a buffer amplifier between each oscillator and the 
) the use of a balanced modulator circuit, or (3) the use of electron- 
d pscillators. j 

Mi oid beats between harmonies generated by the rf oscillators, an rf 
ANiivced between the r-{ oscillators and the detector. ‘The fixed oscil- 
tilt have a smaller voltage output than that required by the variable- 

"oscillator in order that distortion of the output be reduced. 
Y Swlor curvature of the detector characteristic produces additional 
Wr of the output, which may be prevented by the use of the balanced 
Ror. When square-lnw detectors are used, this type of distortion 
He wduced by correct adjustment of bias and input voltage, Distor- 
Porluced by linear detectors may be reduced by making the output 
Pande of one of the rf oscillators stall in comparison to that of the other, 
Mifrequency. stability of the output of beat-frequency oscillators. is 
ly oor, This is because a very small percentage variation in. fro- 
Wa the output of one of the 1-f oscillators will result in a comparatively 


miuency calibration is correct. This ; 
fof the output frequency with a standard frequency source or by using the 
quency point, ; 
the output circuit of the detector it is desirable to install a low-pass 
= ‘This filter prevents the overloading of the a-f amplifier due to rf 
ye that may’ exist in the detector, and henee improves the output 
form. 
W frequency at which the rf oscillators operate is usually between 100 
600 ko, At these higher frequencies the differences between the design 
nts of the fixed- and yariablo-frequency oscillators are less. ‘This 
moro nearly identical design, which, as pointed out above, leads to 
frequency stability for the a-f output. Also the filter requirements 


HSimplified by the use of the higher frequencies. On the other hand, the 


Mability is decreased as the r.i. is increased, and commercial design usually 

ke as the upper limit. The General Radio Company has produced 

Mixccllent heterodyne oscillator extending to 5 Mc. The lixed frequency 
is range is 20 Me.! 


Special Audio Oscillator. A new type of oscillator particularly 
le for the generation of frequencies in the audio range has been 
Ested by Scott? and is shown in Fig, 16. He has described the use 
inverse feedback principle to obtain sharply selective circuits in 
inductances are not necessary and “tuning” may be changed by 
tances. These circuits may be varied over a wide range 
ies while maintaining a selectivity curve which is a constant 

Mitage function of the “tuned” frequency. mAS 
lov:-power oscillator operating on the inverse feedback principle has 
designed which has exceptionally pure wave form. By the use of a 
hee-capacitance network, all frequencies except the frequency of 
tion are fed from the output of an amplifying system back into the 
in such a way as to cancel the gain. Regeneration is introduced 


\ Radio Bxperimenter, January, 1939, 


» H. HL, Proc. 1.R.E., 26, 226, 1 jen. Radio Experimenter, Vol. 13, No. 11. 
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into the cireuit in sufficient amount to cause self-oscillation. rocess by which relaxation oscillations are produced involves the 
controlled by the resistance-eapacitance network, and henee no ng up and breaking down of the energy stored in the electric field 
ances or transformers are required in the oscillating circuit. ondenser or the aig field of an See Various devices 
r ‘ F F p gus building-up and breaking-down action, such 
igure 17 shows a block diagram which may be helpful in cla used to control this g-Up , 
action of the system. The touit: lnelodes tires suparatalaal or are-discharge tubes or high-vacuum tubes. 
section designated A ier and has substantially flat 
response and negligible phase shift over the a-f range. 1 
network, section B, balances to a sharp null at the frequency of 


Grid Voltage, 
Fibenat 


Plate Current, 
Tube No.! 


Grid Voltage, 
Tube No.2 


Plate Current, 
Tube No.2 


Fic. 16—Rosistar city audio oscillator. 
iy arcana AY 15——Fundamental circuit of the multivibrator and the voltage and 


This provides full amplifier gain at this frequency, and gain ab current relations of the various branches. 


frequencies is substantially canceled. The regenerative fe : a aoe f 
section C, is fed through a phase-reversing tube D to provide tl ong the relaxation oscillators employing high-vacuum tubes is the 


Section € also has a flat frequency rest brator.t The mult rator, which is most satisfactory for 
ency conversion, was the first relaxation oscillator to be developed. 
se | oma are 18 shows the basic circuit with connections for introducing the 
h higher outputs rol voltage. The voltage drop across any of the circuit elements 
This type of oscillator makes possbl 
measurements whieh 
ously impractical. 
Xperimental models of th 
of oscillator have been 
which generate sinusoidal 
cies from 1 cycle por $e 
ke. By the use of class B 
of the oscillator tubes in p 
cireuits, the power outp 
extended appreciably. 


22. Relaxation Osi 
Relaxation oscillators af 
for the generation of d 
non-sinusoidal waves 
: A applications this type of 0 
eae aisgraca ct reaetance- has many advantages © 
i. resonant circuit osc 


output is extremely rich in harmonies, and its frequency, whieh is 
definitely fixed by the circuit elements, may be easily stabili 
introduction of small voltages of harmonic or subharmonic freq 


Fra. 17. 


Capacity 
Fic. 19.—Generator of submultiple frequencies. 


y e be taker illati 

tnenduaion of sal voltage of harmon ot phases bay Fee oe erage pion 
inexpensive, simple, and compact and can conveniently be dé PProximately equal to f = 1/(riC: + 7r2C:). When the circuit is 
cover a wide range of frequency. mautrical, the wave form of the grid and plate voltages of the condenser 
Nt is as shown in Fig. 18. 


Peecin, H., and E. Broce, Ann. Physik, 12, 297, 1919. 


1 See Rercu, H. J.. “Theory and Application of Electron Tubes,” MeGra 
Company, Inc., fora complete treatment of relaxation oscillators. 
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For the generation of submultiple frequencies, a circuit con i fs 

shown in Tig, 19 may be used, “The output of a Inf cad pena thet a 
nected to the input terminals. At the output terminal 

which are exact submultiples of the input frequency are 
Submultiple frequencies as low as one-fourteenth of the input fi 
can easily be had. When the input and output terminals ay 
cireuited and a small coil connected between the low-potential & 
grid resistances for coupling to an external circuit, frequencies: 
T eyele per 10 sec, and as high as 50,000 cps may be obtained, 


oduced as shown in Fig. 216. 


§ Hotpmplcte circuit diagram of a system suitable, for producing saw- 
3 thed wave forms for a cathode-ray oscilloscope is shown in Fig. 22 
this circuit a pentode is used to maintain a constant charging current. 
i NINIAKY, paryine its grid bias, the magnitude of the charging current may be 
led. 
8 High-frequency Triode Oscillators. Almost all the commercial 
Time vailable may be depended upon to generate frequencies as 
(a) (6) 4 Current Limitir 
Fra, 20.—(a) Rolaxation oseillator of Van der Pol. (6) Typical wa Bt power on: efticienoyy: A Resistance” 
pest Ra Le ts fe numberof them may be used —— ga f 
Me with full ratings and meer Synch 
, ; 4 Fonde. Selector i Yollage 
Another form of relaxation oscillator employing a high-vacul inded to 70 Me-at reduced rat- euee) i 
was originally described by Van der Pol.’ ‘The circuit for this 0 r inl triodes extend the I a 
is shown in Fig. 20a, and the wave form of the condenser Jimit well into the micro- Output 
shown in Fig. 20, ‘This type of wave form, which is known When the familiar g¢, ry ee 
toothed voltage wave, is used in connection with eathode-ray oseilld r circuits are used syppiy 2 
and eathode-ray television tubes 7 ee eenarabicnl of: ies sbicrs “Gas Tube 
elaxation oscillators for generating saw- od way ) however, certain inherent 
generating saw-toothed | Waa Wions are brought out a -Pentode 


often designed using. 1 ‘c i / 
trolled aus-illed ti ee the Bias Control for 
property of those tub ee es, the in- Varying Charging Co 
Praces ‘thom suite Hance and capacitance of the “via Charging Current 
1 i ‘in wires, he finite i Fig, 22.—Relaxation oscillator em- 
purpose is their so-call ites, und the finite transit ioving a pentode to maintain a 
‘ ree ol » oloctr which con- Ploy pntode 
action. If their grid tot ithe electrons which con- Constant charging current, 
momentarily less than © the current in the tube. i 
value, positive ions are © special problems arise in the construction of the component parts of 
Seen, poe een eel circuit other than the tube, 
negative spnee chi un effort. to extend the range of the triode, a number of tubes have 
> designed to reduce the inherent limitations mentioned above. 
electrons, as well as > C7 
ling action of the’ ge fe new tubes have relatively low interclectrode capacitances, and 
results in a very rapid change in, the plate resistance of the tub Inductance and capacitance of the leads have been made very low. 
ahigh value toa very low value. ‘The time required to ionize and d Home time the interelectrode distances have been reduced, extend- 
the gas in the tube limits the frequency for which oscillators @ he range of operation appreciably, before the effect of the transit 
type ean be built.* enter Tubes are now commercially available which will operaer 
yp i fre i perae 
A basic circuit for a relaxation oscillator using a gas-filled & mctuencies above 1,500 Me. ‘The power output at these frequencies is 
shown in Fig. 21a. The action of this circuit is as follows. The, “sarily small due to close spacing and small size of the tube 


plate voltage charges the e« e e is ments, 
y es hearers “Phe condancer C:threrigh he ea The resonant circuits employed in oscillators which operate in the 


1 pai dee Pots Bo Pill, Mog % 7S 1036. | in phireraresé consist. of resonant lines or special metal enclosures 

yr an excellent ussion and ita for relaxation oscillators fad o| i ct ea ec! i CC ve 

tubes see “Measurements in Radio Bnginegring’” by Termasn, pp. 315 00am Uh, the lumped inductance and capacitance used at the lower 
om, @ ultra-short wave (1 f) range may be taken as lying between 10 meters and 


ll, Book Company, Inc., 1935, 
7 Oscillators of t! have been built to operate successfully as high a8 ' The region of the range below 1 meter is often referred to as the micro-wave 


Fig, 21.—Relaxation oscillators using 
gas-filled tubes. 
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frequencies. When carefully designed, these resonant circuits yn 
selectivities ranging from 1,000 to 50,000 when radiation 


included. 


oe =e eontinto 
Because of their high selectivity, resonant circuits of thi 

employed as frequency control elements. ‘The stability 
controlled in this way is comparable to that of crystal-eon 


Output 

Line 
= t Shield, 
i ig eae eS 
g 83 amar > 
Sleek -| 3 
iy t- 2 
3 et g 

Sea & 

88 


Griel leak 
Fig. 23.—Oseillator employing a resonant 
linens its frequency-control element. 


making the grid connection at a point comparatively clos sl Spec 


end of the line. By proper adju: 
the phase of the grid excitation may b 


for the phase lag of the electron current in the tube. The 


the connections between the tube 
and the resonant circuits must be 
small compared with the wave 


length at which th tem is oper- Plate Fil. bypass) §, 
ating. This condition may be very supply rerser 


difficult to meet at extremely high 
frequencies, and special cireuits hav 
been designed which help avoid this 
difficulty 
One of these circuits has been 
ned by Peterson.! His system 
employs # resonant circuit consist- 
ing of an outer containing eylinder 
with a evlindrical piston-shaped in- 
The Q of this oseillating cir- 
in the frequency range of 60 to 
140 Me in which they have been 
built, is approximately 2,000. Fre 
quency stabilities of the order of 
parts in 10° for a 50 per cent change in p 
One of the chief advantages, in addition 
difficulties arising from tube conne 
Fig. 24). Also the of the resonant 


193: 


ctions are greatly minim 
equivalent concentric line. When a continuo 
PETERSON, Gen. Radio Experimenter 12, October, 1937; Communications, 1% 


s ty ow? for the frequen 
from 7010 700 Me. I 
tor circuit cor 
I line that is ea: 
adjustable over the en- 
equeney range. 
af , it affords excellent 
may be used to drive po mechanical rugged- 
plifiers for applications coaxial line output 
large amounts of power, 
An oscillator cireuit wh 
ploys # concentric line fire frequency range. Both 
quency-control element is; nent leads are tuned in ad- 
in Fig. 23. This circuit | tank. The con- 
of a standard tune ee i shown in Fig. 25. 
grid feedback oscilla 
the grid re 
placed by the concent Y ‘ 
For best stability, the lines eased frequency, becomin, 
be loosely coupled to thi poor near the limit o! 
circuit. "This is aecompli tion of the tube. 
triodes in which the 


lators when the frequ 
above 10 Me and 
zontrol i 


be advan 
Tated output of 1.5 watts at 


Grid leak. 


%, 
+<— 


Looe 


Sectional 
view oF 


Mica 
rid blocking” 
condlenser 
—Ultra-high-frequet 
ator of Peterson. 


voltage have been ol 
to its excellent stability; a cedlicewarkiog: 


j, however, other arrangements must be u 
ions in frequency can be ol ! : 
juously adjustable stabilized oscillator has been designed by 
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d, for only slight 
en. 


ned with this de: 


Ventilation 
screen 


iH tial 

Filament Plate 

supply supply i 

—Ultra-high-frequency oscillator 
of Barrow. 


Fie. 


cl through 
lg eads provide support for the electrodes and extend ny 
7a al ly useful for u-h-f work. A tube of this type having 


00 Me is available commercially 
pair of such tubes has been built into 
a special oscillator, having a continuous 
ange. This oscillator, designed by 
King,*is particularly suitable for parallel 
line measurements at ultra-high frequen- 
It consists essentially 


ing it below E 

reuits employing parallel lines are 

often used for the generation of u-h-f 

waves. Representative circuits are 
shown in Fig. 27. Although these ci 

cuits are comparatively simple to con- 


circuit is only a fraction et, the connected at a high impedance point and the frequency 


y variable oscil 


 W. L., Res. Sci. Inst., 9, 170, 1938. 
R 


Rev, Sei. Inst. (submitted), February, 1940. 
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The chokes that appear in the filament leads of the circuits of} 


are made necessary for u-h-f operation because the fi diode electrodes. When the intensity of the magnetic field 
Ieads may often be a considerable portion of a wax foe tea the dione critical value, the electrons will travel in orbits within the 
prevent normal operation of the oscillator. A method whi hong ; do, and very few of them will reach the plate. When the intensity 
to the use of choke coils is the provision for tuning of the filey id is less than the eritical value, all the electrons will reach the 
Output Hence the magnetic field can be used to control the anode current 

‘a way similar to the grid in a triode. Originally the magnetron 

ator was employed this way, but its action was restricted to long 
elengths because of the inductance of the coils carrying the alternat- 
field current, and it did not compete successfully with the triode 
eiilator, As ® generator of u-h-f waves, however, the magnetron is 
Bete io the triode, In its simplest form the modern magnetron has 


wglines 


4 Eresistor 
Plate supply 


Filament Direction of 


Output py tash magnetic Field 


F re 
Lines ES 
& 
2 * Anode 
2 segments 
& Fic. 29.—Magnetron oscillator. 
ooo, ° ie eylindrieal plate aivadoa into two or more equal segments separated 
Filemenkanil) ly narrow gaps, as shown in Fig, 29 
Fi. 27.—Ultra-high-frequeney o: scillators employing parallel Linge ‘There are two distinct met 
elements. 


ananh aceite es ee of adjustable concentric lines of appro i 
fag oth away digit for each filament lead is probably thet \ ron current. _ 
see Fig. 28). It is desirable at u-h-f ope ith the negative-resistance method, often referred to as the dynatron 


avoid the use of dielectric material as , ; n fit as the ¢ 
thatewhich is of dielectric material as much as possible and to @ lhod of operation, a negative resistance is developed which arises from 
necessary for mounting the cireuit elements to poi if 


low r-f is flection of the electrons by the magnetic 
peal This is used to develop oscillations whose 


Met is substantially equal to the resonant 
somes, Outer copper tube — nner copper of the tuned cireuit which is connected 

tube or rod, ae 
both conductors oe 


Adjusting S 
rod — Tofilament —_—_Siidling metal plug - ; ari 
supply close sliding fit | Fie. 30.—The four- 
on both conductors segment magnetron 08+ 
D cillator, 
Ratio of conductor diameters between Ee rey stored 


2and4 Length, 34 wavelength We length of oscillation! 


Fic. 28.—Cross seotion of an adjustable concentric line suitable for we 
filament choke. 


24, The M i ; ae 
gonetation of teh waves, the mag st eee ie Hye = the field strength in gauss 
eoaxial evindcl eletrois which ie placed in gonneautis Raga allie highest frequene eg are produced by the cletronie osilatons of 
electromagnetic force are ay imate t a ® magnetron oscillator, and wave lengths as low as a fraction of a centi- 
proximately parallel to Hee ter have boon generated. ‘The efficieney of this method of produeing 
per cent. 
er efficiencies and power output are obtained with the negative 


3; Meaaw, B.C. 8. Fe illations is quite }ow, however, being of the order of several 


RAE. 24, 1140, 1936. 
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resistance or dynatron oscillations of the magnetron, With 
Segment anode the efficiency is of the order of 40 to 60 per « 
the wave length between approximately 75 cm and 10 meters, 
four-segment anode, connected as shown in Fig. 30, the wave I 
reduced to betwee em and 3 meters and the efficiency is also 
to between 30 to ws © cent approximately, ° 
26. Barkhausen-Kurtz Oscillator.' This oscillator is used 
eneration of u-h-f oscillations. Wave lengths as low as afew cent 
ave been obtained. ‘The power output is, in general, low, 
maximum of approximately 10 watts; the efficiency rarely exeordey 
Prirhe. Bark K 
he Barkhausen-Kurtz oscillator operates with the gri 
positive potential while the plate is usually at a small nena 
The connections are shown in Fig, 31. The action taking place) 
type of oscillator may be explained in terms of a variation in the 
field about the grid due to a periodie motion of electron cloud 
natural frequency of oscillation of the electron clouds is extren 
and is determined by the potential of the 
frequency obseryed at the electrodes o} 
depends aie this natural frequency of thee 
uds and upon the natural frequency of ae 
cireuit (which may consist of the tube ol 
only): _If the external circuit is in resonml 
Biosoc . hearly in resonance, it may greatly affect 
hauswicieurta car Served frequency, as is usual. with closely 
aor circuits. The tronic oscillation may 
i sidered as constituting the primary. ci 
this case the oscillations are sometimes called Gill-Morell, 
to the theory of coupled circuits, as applied by Wundt! to the 
hausen oscillator, several coupling frequencies should he simultane 
possible, depending upon the damping of the coupled circuits. 
has recently been verified by King,? who observed. as many 28 
coupling frequencies maintained simultaneously. 


It has been found that tubes, in which Barkhauson-Ki i 
whiel on-Kurtz oscillati 
be produced, usually have cy al electrodes, and Hollman’ has 
ad the ratio of plate.to grid radii must be greater than 2 and less 
Opt mum values for this ratio are hetween 2.5 and 3. ‘The wave k 
the oscillating electron clonds is given approximately by the relation 


ME, = K 
where \ = the wave length 
EB, = the grid potential 
A = constant depending upon the geome¢try of the tube. 


26. Klystron Oscillator.! ‘The klystron oscillator is at this 
writing still largely in the experimental stage, It has many prom 
1 Wowpr, R:, Hochfrequenctechn. 86, 133, 1080. 
2 HiNG. R. Paper submitted for’ pu on, Februar 
veri astax, H. B., "Physic und’ Technik der Uitral Wellen,” Julius 
cferences on klystron: I Yan 
40, 189, 1930; Hawsen, W, Wee fd Ph Pi, Hoa Vanna 
Lae, J AD h 


Vantan, J, Applied Phys, 10, 32171980; Wau Jy. i 
I o - Applied Phiys., 10, 50. 
Hist, Zeit, Physik: 96, 732-708. 1086; Br f 


Her, AX. Ansexsews, and 
A. Recxwacet, Zeit, Physik, 108, 459-482, 1938; Haun, W. C. 
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and is being developed in_an effort to obtain considerable 
ts of power at wave lengths of 5 to 20cm. It employs a new type 
known as the velocity-modulated tube. In the conventional 
tubes, where the electron stream is controlled by a grid, the time 
for the electrons to go from the cathode through the grid to the 
Jimits their use at these ultra-high frequencies, The velocity- 
ulated tube, on the other hand, utilizes this trahsit time phenomenon 
ich a way a8 to obtain the h-f waves by means of new types of strue- 
‘and modes of operation, 


p action of the velocity-modulated tubes is substantially as follows: An 
fron bear of constant current and speed is passed through a pair of grids 
h may be in the form of hollow cylinders. Between these grids is 
lod nn oscillating fold, parallel to the electron stream and of sulficient 
wth (o change the velocities of the cathode rays by an appreciable frac- 
of the jal speed. After the electrons in the beam have passed 
bh those grids, the electrons with increased speeds begin to overtake 
h decroased speeds that were ahead of them. This produces what 
termed velocity modulation of the electron be and groups the elec- 
hes soparated by relatively empty space. These bunches of 
ty puss into another structure where they induce the output 
Aftor leaving the output structure, the electrons are collected upon 
wie hold at a fixed positive potential. 
Dy utilising, and properly adjusting the electron transit time, tubes have 
produced which will give efficiencies of approximately 30 per cent. 
A cortain amount of the output power is fed back into the input, this 
acis us un oseillator, Engineers predict that hundreds of watts of 
fonorzy in the 5- to 20-em region may be produced in this way. 
this type of oscillator, special resonators are used which have extremely 
h seloctivity. These resonators, called rhumbatrons, are metal vessels 
tically closed. 


. Mechanical-electronic Oscillators. Mechanical-electro oseil- 
iors are those which employ in combination both vacuum-tube circuits 
i mechanical-rotating members. ‘The electrostatic audio generator 
ped by Kurtz and Larsen! falls into this class. It consists of a 
imber of variable condensers of the rotary type which are driven at a 
at speed, When a direct voltage is connected through resistors 
#ach of these condensers, the charging current of the different con- 
ts is varied. If the plates of the condensers are designed so that 
Charging currents are sinusoidal, a sinusoidal voltage will be devel- 
across cach of the series resistors. ‘These voltages may be applied 
the same time to the input of an amplifier, ‘This generator was 
roduce a fundamental and 15 harmonic voltages simul- 
The phase of any sinusoi ‘oltage with respect to the others 
djusted by shifting the position of any one of the stationary 
To vary the amplitude of any of the voltages, it is necessary 
'y the particular applied direct voltage. A’system such as 
‘y useful in the study of the effects of changes in amplitude 

a of a complex sound on the ear. 
© photo-audio generator developed by Schaffer and Lubszynsky’ 
4lso into this class of oscillators. It consists of a system in which 


90; Haus, W. C., Gen. Elec Rev., 42, 258, 1930; Ramo, 
"Lanste, Elec. Eng., 64, 950, 1 
m Proc. 1:R.E., 19, 1242, 1931; 20, 363 1982. 
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vacu 


a beam of light falling on a photoelectric cell is interrupted by ap 
rotating disk. When a light aperture and the size and 
holes in the disk are correctly designed, the voltage develop 
photocell will be very nearly sinusoidal. The output of the ¢ 
Suitably amplified and the frequency of the oscillator read by a 
eter applied to the driving motor. 

Many other oscillators of this type have been developed. 

28, Tuning-fork Oscillators. For oscillators of low to 
quency the tuning fork provides an excellent resonator. 
rom 100 to 10,000 eps is readily covered. Simplest and le 
are the contact-driven forks which are capable of supplying 
power output of approximately square wave form. Th | 
microphone drive gi purer wave and more constant fre 
at the expense of power output. The double-button micropha 
gives a still purer wave, better stabilit; 


» 33b shows another type of control circuit for varying the fre- 
Wii an ostillaior. Here the plate circuit of the control tube Vi 
ts the resonant circuit of the oscillator. ‘The voltage drop in the 
ce R-is applied to the grid of the control tube. This voltage is 
oximately 90 deg. out of phase with the resonant circuit voltage, and 
e the plate cireuit of the control tube affects the tank circuit in the 
as a reactance. Variations in this effective reactance are 
ined by changing the bias on the control tube. 
Electron-coupled Oscillators. It has been pointed out that the 
ney of oscillation will be affected by changes in load unless the 


() 


Fic. 33.—Oseillators ha 
| it inductance is not changed when the load 
4 nplifiers between the oscillator and the 


rom load variations. 
¥ 
, 32.—Circuits for various types of tuning-fork oscillators (in 


‘The free tuning fork, which is driven by one magnetic coil 
another, is capable of high frequency stability. With a sui 


and a fork of special material a stability of a few parts per tential above ground. This pre- 
obtained for relatively long times without benefit of voltage or 8 the lond impedance in the plate 
ture control. Suit from reacting back on the os- 

29. Oscillator Automatic-frequency Control. It may be di r. At the same time the elec- 


practice to control the frequency generated by an oscillator with diet that pass through the screen are 
change in voltage. Special circuits which have been designed to ted by the more positive plate. 
are shown in Figs. 33a and b.! In Fig. 38a the tuned circuit off uults in the plate current hav- py. 
lator is abunved y a condenser Cand vacuum abe Vi. Saag | eyed poner naat wae ie lator circuit. 
resistance of this tube depends upon the magnitude of the cont ame frequency as 2 a 
the effective reactance of the combination is varied by variatio fitcncy. Hence energy is delivered to the load through the electron 
control voltage. If the plate resistance is adjusted so that it is m, and at the same time the oscillator is éffectively shielded from thi 
lly equal to the reactance of C, the effective resistance does not & 4 _ : ¥ i SE or 
ith a change in effective reactance. In this way a voltage ihe frequency of oscillation with this type of ceases con oe rece 
the control grid will control the frequency of oscillation without gpendent of supply voltage variations by properly choosing the ratio 
the amplitude. “5 Screen grid to plate potential. ‘This is possible because there is always 
u 2 f jo fe ich the frequency is independent of the 
1 Peavis, C., Proc. IR. © value of this ratio for freq’ 
oe varinntalentioa' te lied voltage. By adjusting the position of the tap on F until the 
“uency becomes independent of applied voltage, a high degree of 


Dow. 5. B., Proc. I-R-E., 19, 2095, 1931. 
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frequency stability may be obtained, It may be necessary to eh to the tube structure due to 
position of this tap if the oscillator frequeney is varied over wid potential is limited to 
When the oscillator is operated normally, the tube is biased: Ld ion, or 
cutoff, and the plate current flows in pulses that are very rich in 
content. Since the frequency stability is very high and the 
extremely rich in harmonies, this oscillator is very satisfactory 
in heterodyne frequency meters, ‘There are many possible ways 
the principle of electron coupling may be used to great advanta 
31. Power-oscillator Design. In applications which require 
able power output and for which a eh degree of frequency 
not necessary, feedback oscillators may be used. In these osel 
tube operates as in a class C amplifier, and oscillators adjuste 
way are referred to as class C oscillators, 
‘The design of a class C oscillator may be conducted along the 
lines as for a class C amplifier, There are two prineipal points of 
ence: (1) the power required to supply the energy tor the geit Li 
must be obtained from the plate-cireuit power supply since 
the exception of the filament supply, is the only source of F 
circuit; and (2) the oscillating circuit must 4 42. Power Relations in Class C Oscillators. The d-c power supplied to 
energy to meet the grid-circuit requirements. ‘The first step im ‘oscillator cireuit from the source Ba is 
is to determine the correct operating conditions for the tube, Pinpot = IsEs 
may be determined by various methods, some of which consist of Pinpot 5 
ical integrations of the current wav at are obtained from tl @ power output to the tank circuit at fundamental frequency is 
stie curves of the tube These methoc mt Prank = Boly 
complete static characteristi es be available far out in th rm ‘ 2 .d, and the losses in the tank 
of postive arid potential.”‘To obtain these curves special expe ors aes ep ae ne een ee 


ct pinto voltage, 

ot grid voltage. f 

t value of the fundamental component of the plate alternating voltage. 

Value of the fundamental component of the grid alternating voltage, 
wren 


niques have been devised.? Other methods consist of s mit 
integration of (1) simple expressions which are assumed to ap Prone = 1:2Rt : 
the wave form of the current pulses or (2) approximate analytical here R,, represents, in addition to the inherent resistance of the total tank 


sions for the static characteristie curves.? Among these me duetance, the resistance refiected into the tank circuit by the load pps 

precaleulation, some are extremely laborious but accurate, while nt of the grid cireuit and by the lond itself. J, is the circulating curren) 

are rapid but inaceurate, ‘The methods due to Chaffee! and to the oscillating circuit. ‘ 

and Roake® are recommended as sufficiently accurate for et The power lost at the plate is 

purposes, and at the same time they are reasonably rapid. In Ppiato = InEn — E; 

to these racthods ahine ‘aleulation, the operating conditions for he driving power required by the tube is 

may be determined by direct test. J Aah ote 
striving = Eyly 


‘The results obtained by any one of these various methods HY os wet 
his power supplies the power delivered to the grid sister to maintain the 


subject to certain limitations which are always imposed on the ope 
of the tube. ‘These limitations are designed to preserve reasomill AS voltage 


and to prevent sudden failure of the tube, lectrode dissipat Paria resistor = TeBe 


Kitson, C, 44 the power lost at the grid, Therefore the grid loss is 
20, 783, 1932; Mounoxrrat Pa OP CAOET 


TRB, 92, 1090, 1934; Proc. 1.R.E., 28, 752, 19805 4 
hia 1, 1089, 1988; 64 he power available for output is then given approximately by 


B., 20, 548, Proc, IR-Bu, 9% Poutous = Eplp — Bole 
ns, Proe, 1.R-B., 22, 959, 1034; Mclain, B, ly Prods Actually the useful power which may be obtained from the oscillator will 
L'Onde electrique, 14, 668, 1931 W. less than is given by this expression, by the inherent losses in the cireuit 
BS ERE TOK nents. However, in a well-designed oscillator these may be kept, small, 


insta 
tGerean 4 : Bi the power output will be very nearly that given above; hence the effi- 


TERMAN, 6. ‘cy of the oscillator may be expressed as 
obtaining the op! ; Eyl, — ol, 
oped. whieh is extremely iF i : _ Bel» — Esls 
revision of E. L, Chalfee's i i Eg. TaEn 
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ower required for the fildn DROEE prog, [RE 98, 1201, 1933, (Contains large 
h-voltage plate supply. "7 pee mor x 508, July, 1924. 


Beat, Ni 29. 
88. Design of a Hartley Oscillator. ‘The methods illustrated J Mall Sado "eh, Jour 2, October, 1928. 
applicable to any of the other feedback. oscillators, The pi t “Bek tt 
determine the values of the circuit elements in such a way that: 

voltages (which have been obtained by any one of the various 

discussed above) will be applied to the tube. Tt has heen fom 

general the alternating plate and grid voltages should be 1804 

phase for cori operation. Most of the methods for 

operating ‘conditions assunie that this phase condition ‘wil | 

Slight variations in phase of a few degrees haye only a small 

the performance of the oscillator. 7 


A 
* 3 UL. q en 1928. 
In the Hartley cirouit the voltages developed across the tay November, 4 
are used as the alternating components of the plate and wht eal ‘ Pi ge hgebruary, 1083. 
total alternating voltage across the tank circuit is the sum of 3 id G. Hy B., 16, February, 1928. 
‘The filament tap is adjusted so that the ratio of the plate and a v ¥ ert th ee 

#4/Ey. Ut has been found experimentally that the effective seleotivi 
the tank should be greater than 12.5, approximately. Hi hor 
increase the stability and lower the ‘harmonic content, ‘The 
inductance for any frequency may be found by use of the relation 


Pig Nias 

ae Kia’, 

er. . Arts St 59, 

$ GW rae. Ame ene omer, 1 
te 


October, 1923. 
8. 


and the tank-cireuit capacity by Habe & 
i oc. LR. 
QP QP rast \ Proc. 1-Rd. 
Cee Cat g= ee Yi: Proc. LBB. 2, z 
2f(Ep + B,)* 2fEn + Byyt Ro pand RB Ore io 


where f is the required frequency of oscillation. a ate electron coupling, ete.): 
‘The grid-bias voltage required is given by H., and with an a 
current of Ie the grid resistance is Physil a aa 
BE. { Shag! a4. 1022. 
R=F In Pres PIR, My Aust, 1033, 


. Be 


voltage developed ac be il LR B., 20, August, 1982, 
2, December, 1934. 

4 if wrnoss, W. H.: Prog. IR. 

4 way as to help correct for vi plate tire, W.'C.: Blectronics, Ap 
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it ulation (A.M.). A current wave amplitude modu- 
a Seb al component of frequency a/2x may be expressed 
rewriting Eq. (1) as 


i = [o(1 + m cos at) cos (wt + 6) (2) 


= amplitude of the carrier 5 
pero J. = eaphive variation in amplitude at the signal frequency 
f t phase of the earrier. 5 é 
value of m is called the degree of modulation or modulation factor. 
Then multiplied by 100, it is the percentage of modulation, 


SECTION 10 


MODULATION AND DETECTION 


By L. F. Currist 


TYPES OF MODULATION 


1. Modulated Waves. A modulated wave is a periodic wave 
the amplitude, frequency, or phase is varied in accordance with c 
Modulation is the process by which this variation is aceomy b) 
Demodulation or detection is the process by which the original 
recovered from the modulated wave, 
The unmodulated co: 
more broadly, 
greater than the hi 


Time— 


die = 


(c) 


l-carrier and fi 
frequencies, Double modulation accompanied by the selection | 
of the new eurrier frequencies (intermediate frequency if) tO 
the signal modulation has been transferred is often called 
conversion. 2 ; 
In tubes and circuits the waves are of current in, or of voltage 
circuit elements. A modulated wave of current is expressed by 


i = Tc0s (at + ¢) 


“Fro. 1.—Components in a-m waves. 
where J = amplitude 


; is to be 
= carrie ‘The phase of the carrier may be neglected unless the current is to 
faxes troquangy. of the cari fombined with other currents of the same frequency. Newlecting @ 
= relative phase. nd making J, unity for convenience, Eq. (2) may be expande 
he signal may be imparted to the carrier either by a variation m m (3) 
amplitude or by a variation of the phase as a function of time. i = cos at + F 008 (w + alt + 5 cos (w — at 

ns A phate are ney anied ye ee poe scope in f oa independ. 
since the frequeney is 1/27 times the derivative of tl ie phase witl The ve contains, in addition to the carrier, two independ- 
Intion aualy lead to aisartgges © Dace ane ampli during Rt periods waves spaced flaca fopegr oo eee 

; mencies. 

Velocity modulation is a process in which the velocity of eleett ies eee Te ia at t 
transit in a special tube is controlled by a signal. t Unmodulated earrier, ¢ the complete modulated wave, d the lower side 
output terminals of the tube is modulated in amplitude. rs Treosiency, ¢ the upper side frequeney, and f the two side frequencies 
available commercial devices and cireuits, this process Bithout the carrier, ‘he choice of a sine or cosine function for represent- 
a oe oe Ree ee "g steady-state conditions is a matter of convenience. The envelop 

ne - i 
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ais the signal, b the 
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of the composite wave (shown dotted) has the same shape as the ori jelow the carner frequency have been removed by suitable filters. The 
signal wave. The intercepts of the composite wave with the rtion of the frequency spectrum from which the components were 
are not changed by a.m. Proved is then ayailable for other services. 

3. Amplitude Modulation with Several Signal Frequencies. — 4, Phase Modulation (P.M.) and eee, Modulation (F.M.). 
modulation may be expressed as a Fourier series when the original sig ‘The peak amplitude of the composite signal is constant in p-m and f-m 
wave contains components at several frequencies. ‘The waves. The signal is imparted to the carrier by a variation of the phase 
signal is asa function of time. 


A single signal component of frequency a/2r produces a current 

i = Lp 008 (wet + 0 + m sin al) ) 
constant amplitude 
constant carrier frequency 


constant relative carrier phase fois 
relative maximuin variation in phase or modulation index duc 


7 = Io{l + mo + Dm» cos (nal + @,)] cos wt 


When Eq, (4) is expanded, independent pairs of side frequencies a 

for cach ignal frequency. (a/2o. ; ‘The bande.of froquescies alae sre Tym 

below the carrier frequency occupied by the side frequencies areill o/2n = 

side bands and lower side bands, respectively. ‘The band width om 
quency spectrum occupied by both side bands and carrier. In m = relative, mas 

it is two times the highest modulating frequency in the original sigm @ may bo noglected unloss tho current is to be combined with other currents 
The relative phase (a) of each of the signal components mu of the same frequency. 

preserved in order to maintain the original form of tho signal: im 

relatively unimportant in signals for music and speech but is som 


exceedingly critical, as in video signals in television systems. 1.0 
The d-e component (mo) of the modulating signal has the 
changing the magnitude o 
anes wave an a 0 05 
Sf ryt 75 signal variation whic! 
relative to the remaining oe - 
_Ti ponents that it may be 0 


A =[0°4) 
sidered constant over 5 
steady-state interval | dw +d 


This is il (a) Phase-or Frequency-Modulated Waves (b) Amplitude -Modulated Waves 
in Fig. 2, which is represents Fra, 3.—Component side frequencies. 
Fig, 2,—Envelopes of a-m waves. of the envelope of a mo 


is envel Noxlocti i éonvenience, Iiq, 
elovision sighal waved to \*tlecting @ and making Z» unity for convenience, Ka, (6) may be expanded 


different time intervals. Changes in the d-e component from tim i 
time must be regarded as variations in the original signal. i = Jo(m) cos we 


Inward modulation and outward modulation are the respective deerel + Jalm)loos (we + a)t — cos (we — a)f) 
or increases in the envelope of the composite signal wave relative t See OM OOO RON: COMES -—aeael 
ceauuetaled Pe ig. 2, a eee and pitard sao + Jn(m){cos (we + na)t + (—1)" cos (we — nat} 
not necessaril . nward modulation must not uce the ¢ A A 
png crihechastsen of the original nignal will oS Whore J..(m) is the Bessel function of the first kind and nth order for the 


‘ument m. The components in Eq. (7) are the carrier and side frequencies 


outward modulation determines the maximum power in the modull Sees ee 


wave. 25 if An infinite number of side frequencies spaced a /2z in frequency is indicated 
In many cases it is sufficient to express the complete wave as for complote identity, but the Bessel functions J4(m) are negligible for values 
, Pf'n some 20 to 40 per cent greater than the value of m. | ‘The number of 
7 = 10(1 + M) cos wt ‘Becessary side frequencies is somewhat greater than 2m. ‘The carrier com- 
. x § 4 Ponent is loss than the unmodulated carrier and may be negative. The inter- 
when the instantaneous modulation M varies slowly with respect ts of the composite wave with the sero axis are not equally spaced. 


frequency of the carrier. F 3 
rey © .. i igure 3a illustrates the carrier and side-freqnency ccmponents for 
Carrier suppression is the process of balancing out the carrier, Pm. or for m = 2 for a single oditatns Seatisey Tn com- 


ponent in an a-m wave, leaving only the frequency components " i i 

side bands (see Fig, 1). ‘The transmitted power is then zero aap nn EO G0 ae guenoy con ron en 

absence of modulation, resulting in an ineréase in transmitting effie instantaneous angular frequency w of the composite wave ia the 

A carrier must then be suplied locally at the receiver for detections etiv ative of the instantaneous phase with respect to time and is 
Single-side band and _vestigial-side band signal waves are a-m ® 


in which all or a portion of the side-frequency components bev! w = & + ma cos at 
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requency by 4x&(ma: + mas mas) where the n’s aro all positive integers 


{0 approximately 1.3 times the respective values of m for the corresponding 
aponent signal frequencies. This ratio, approaches unity as the value of 
apm MS wis increased. The maximum band width required is therefore approxi 
Qn {nately 2.6 times the maximum frequency deviation for either p-m or f-m 

¥ waves. 

5 rel .M. .M. Tl ‘igi i ‘ ner . A 
ct mace. ne ee eee There no upper nit to the dare of modulation, wih maybe 
and the maximum frequency deviation for several unrelated mo applied without distortion by p.m. or by fm. except as determined by the 
frequencies are then R capability of the equipment to operate over the reauted frequency band. 

i m systems the maximum allowable frequency deviation 


‘The maximum frequency deviation Af is a/2x times the maximum, 
departure or modulation index m, and is 


Ad =m + me +a tes ime js specified by assignment to prevent interference with other services. 
and Figure 4 illustrates the limiting case for the transmission of a rec- 
1 tangular signal wave by means of pan. or by fm. ‘The curves a are the 
AS = palma + mats + ++ man) ‘ original signal, 6 the phase departures, and ¢ the frequency deviations, 


all plotted,against time. The required side hands for p.m. ‘ith ree~ 
tangular signals extend to plus or minus infinite frequency for perfect 
transmission, When the maximum frequency deviation is limited by 
the equipment. as at the dashed lines in ¢, the best possible operation 1s 
‘as shown by the full lines, whereas ideal operation would be according 
to the dotted lines. 


AMPLITUDE-MODULATED WAVES IN NON-LINEAR CIRCUITS 


6. Modulation, Frequency Conversion, and Detection. Essentially 
the same classes of non-linear devices are used for the modulation, 
frequency conversion, or detection of a-m waves. In. each process the 
waves to be combined or resolved aro applied to circuit elements which 
have asymmetrical £-/ characteristics. ‘These may be series character- 
istics, as in dry rectifiers or diodes, or may be mutual characteristics, as 
in multielectrode vacuum tubes. 

‘The output circuit of a modulator is arranged to transmit the carrier 
And its side bands; that of a frequency converter, the i-f carrier and its 
Side bands; and that of a detector, the components at the frequeney 
of the original signal. ‘The components in the voltage developed by the 
output current at other frequencies are eliminated by proper filtering. 

@ Tntermodulatign is the production of new components having fre- 
Fig, 4—Comparison of phase and frequency modulation. {uencies corresponding to undesired sums’ and differences of the funda~ 
ental and harmonie frequencies of the components of the applied 
8. 
Cross modulation is 2 type of intermodulation in which the carrier 
f the desired output signal is modulated by an undesired:signal. 
. Modulation distortion is @ change in the character of modulation either 


in an increase in the percentage of modulation or in the production of 


When the component maximum phase departures m, to my, are 
proportional to the amplitudes of the signal components at freq 
@/2m to a,/2x, the composite wave is said to be phase-modulated, 


Phase Modulation Frequency Modulation 


_ When the component maximum frequency deviations are made 
tional to the amplitudes of the signal components, the composite 
said to be frequency-modulated, 

‘These relations for p-m or dicated by the subscripts 
are summarized in the follo i 


(AG)» = (AG)i + (Ad)s Fo + + + (Ad) harmonies of the modulating signal due to intermodulation. 
(ag), = 20 4 Bode... 4 Gods {4 82urious modulation components may be predicted by substituting 
Leta) a SoFoae desired and interfering input signals in the power-series expressions, 
i Eq. (16) or (18), for plate current, expanding, and collecting the terms 

ONy = gel(Ad)rar + (Ad) 209 + + (A¢)a1] At the frequencies in question. 
1 tuZ: Input to a Single Grid. “The grid-plate characteristic of a vacuum 
(fis = glo): + (Ba)2 + + + + (ods) Ube in which the plate eurrent is substantially independent of the load 
‘y be represented by the power seri 

‘The expansion of the expression for current when several signal freat 4 = Ay + Ave + Ave? + Av? +--- (16) 


are present contains side-frequency terms which are spaced from the 
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where the A’s are coeffici i 
ithe A’s are coefficients determined by test and e is the inst ‘The double-power series Eq. (18) may be used qualitatively for an 


neous ifi & 
input voltage. Specifically, the coefficients are The ie of the possible frequency components present in the output, 
. fein il it converges too slowly for quantitative results. 

Age eee ithe term Byeyes provides useful modulation output. When the higher 
nl de® t terms are small, as at low input levels in class A operation, the 
| output may be calculated accurately. 
Linearity of Output. While the power-series equations are extremely 
ful in class A calculations and in showing what distortion components 
ise be. present under less favorable circumstances, a direct indication 
if ihe linearity of the desired output in terms of the variable input is 
more often used, Tests of vacuum-tube modulators and detectors 
may be conducted at any conyenient frequency, e.g., 60 eyeles, if the 
fircuit impedances at the desired operating frequency are duplicated 
‘at the test frequency. ‘The linearity of the dynamic characteristic 
‘ofthe controlled current is a direct indication of the linearity of the 

desired output. 
For modulators the output 


R 
current (or the voltage devel- 
‘oped in the load by i) at the oe er & 
{est frequency is plotted against : “a 
(a) Mod: hy 
Cee 


“steps in the input voltage cor- 
esponding, to its variation by 
the modulating voltage. For 
detectors, the d-c output is ( 
Dlottod against stepe in the p,q, 5.—Mothod of abworption modulators 
input voltage, corresponding to the modulated input voltage for different 
4 of the meduleting oye Fy iy 1k 7 

r¢ ou Phe output curves which are the most nearly linear over a wide range 

which the plate current is substantially independent of the load, of the udewondent variable, taken for different, load resistances, bins 

controlled by the potentials on more the oa Yoltavon ete, indicate the operating condition which will accommodate 
i an one electrode, high perventuges of modulation with the least distortion, 


expressed by the double-power series 
AMPLITUDE MODULATORS 


f= Ao + Aver + J 
o+ eet Ase + +» © + ex(Bo + Bier 


igs eee ) + 0:4(Co + Gres “+ Caer + «+ +) | 4.2% Absorption Modulators. Absorption modulation i, btaiyed by 
ch the applied voltages are i sot 4 ‘arying a resistance either in series with or in parallel with the load in 
taro determined by test, es 17° @! and ¢ and in which the coe Hecrdanee with some function of the modulating voltage. In Fig, 5a 


Suppose that Ry is a resistance which includes the loa and which is 
Varied linearly with the modulation or 


R, = Rol + M) (20) 


alec 
As Bhi Where = the instantaneous value of the modulation. 
meee © output voltage es is 
= ot 
tie es 1) 
Com 5 oat : 
ne When e; = applied voltage 
Reet 2 a ae om = reastanoe of the soure 
Bede, ~ Bex" °° The ratio of es/e1 ix plotted against R./R in Fig. 6, which indicates 


that reasonably, linear operation ts obtained over a. small portion of the 


at the stead; es « 
ly values of ¢; and es, which are maintained by bias volt : when R, is small compared to R. The dotted curve is the output 
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voltage across 2 as a load when R, is used as a variable series 
Physical resistances can be varied over a limited range, say three to 
‘The usable portion of the curve of Fig. 6 is then limited to the se 
marked ab in Fig. 6. ‘The efficiency and the effective degroa of 
modulation in the output are low in'any case. 

‘The plate resistance of a vacuum tube as controlled by the modula 
voltage applied to its grid may be used as the variable resistor for aby 


0 
0 02 0406 08 10 12 14 16 18 20 
0, 
Fie. 6.—Linearity in absorption modulation. 


tion modulation in parallel with the output load as shown in F 
Since the plate resistance is not a linear function of the grid voll 
over-all linearity may then be improved somewhat by working. 
portion of the tube characteristic which tends to cancel the 
curvature indicated in Fig. 6. Tests are then made for earity of I 
voltage versus grid voltage. 
‘The plate resistance required of the tube is the inverse of the re 
Ry when a quarter-wave transmission line or its filter equival 


toad 


oo) 


(a) 
Fra. 7.—Typos of grid modulators. 


interposed between the tube and the load. 


‘The required plate 
Ry is then 


where Z) = image impedance of the line. 
Absorption modulation has been used to supplement other modulati 
methods over portions of the modulating eyele 
11. Grid Modulators. Grid modulators operate with carrier and 
nal voltages ‘applied to the same or separate grids as illustrated in Fi 
or 7). ‘The plate current may be calculated by Hq. (16) or (1S 


YetPonents, 0 
AngeoWer capability of the tube, and the modulation cannot approae 
iy. 
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levels when the plate current is not swung to cutoff. The action 


‘illustrated in Fig. 8 for the connections of Fig. 7a and for a square-law 


Curve @ shows the input signal and carner voltages superimposed, 
¢ b the instantaneous plate current, and curve ¢ the modulated out- 


ut voltage with the |-f components filtered out. s F +8 
Be (his case, when'tho applied voltage about tho opetating point B,'is 


© = E cos wt + 8; cos ait + Sz cos aat + + + + (28) 
ere S, and S2 are the signal amplitudes at frequencies a,/2r and 


(a) 
Fia, 8-—Low-lovel grid modulation. 


r, ete., the useful output current is 
i = E(A, + 24,8) cos ait + 282 cos dat + ++ +) cos wt (24) 
may be written simply . 
i = E(A, + 2AoM) cos wt (25) 
fre M indicates the instantaneous applied modulating signal. The 


Poduct 7 cos wf, when expanded, produces all the pairs of side frequen 


8 required for the modulated wave, _ ‘There are no spurious modulation 
nentas However, this mode of operation Gees not realise fly 
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Ewa, = Ec(l + M) 
Weoas. = We(l + M)* 
igtmax.) = I-(1 + M) 


Wee. = wa a (26) 


(for sine-wave modulation) 


a 


A grid’ modulator is operated as a class C carrier-frequeney 
for higher plate efficiency. A tube with a linear avin el 
is suitable. The -bias is adjusted to about twice the value 
plate-current cutoff, and. the carrier input voltage is adjusted 
peaks reach halfway between saturation and plate-current 
superimposed modulating voltage at signal frequency causes the 
peaks to vary widely in value as shown by curve a in Fig. 9. 


Shows the instantancous plate current and curve ¢ the useful the subscript ¢ indicates the conditions for the carrier alone. 


Balanced Modulators. When carrier voltage is applied in phase 
modulating voltage is applied in push-pull to the grids of two modu- 
tubes, the carrier is balanced out ina push-pull output load. The 
' jit shown in Fig. 10 with two neutralized triodes is typical. 


+ 


(b) 


Fre. 10.—Cireuit for balanced modulator. 


For exact balance of tubes and transformers, and over the range of signals 
Which the modulation characteristic is linear, the useful modulated output 
{from the two plates is 


th = E€Ay + 2Aren) cos wt C78) 
ts = Ee(As — 2Aren) cos ot x (28) 


—>Time 


— lll 
ee TOL! 


E, = maximum carrier voltage 
= instantaneous modulating voltage. 
effective input current to-the tank cireui 


i = 4AsEien 008 ot (29) 
contains only the side bands. For a single modulating frequency 
1 this reduces to 
i = 2AsEeenleos (w + a)t + cos (w —a)t] (30) 
Voltage developed in the output circuit 
ee € = 2A:BeenZ|oos (wo + a)t + cos (w — a)t) G1) 
output atthe Let frequency for a rage’ of bas voltages art atantlon Paden” has the seen ot Salant ose 
bias setting is then at the center of the linear portion of the test qven-harmonie distortion due to departure of the modulation character- 

Grid modulators have the advantage of requiring small whe linearity, not considered in the above equa' nora gia apiihaalitne, 


power, particularly when the tubes are not driven to grit n the modulating input voltages to the two g 
eve Tunited ranges of linear modulation and plate efficiencies the effective load transfer impedances for the two tubes are unequal, 


20 to 30 per cent. ‘They are used ordinarily at low power levels. ge tank circuit votinge is aieee 

Grid modulators are used for television signals since it is B= BIAVZ! — Ai"Z" + 2(Ax'eq'Z' + Ax'"en''Z") cos.at} cos wt — (32) 
obtain reasonable operation with high-level plate modulation the ’ and” values are for the first and second tubes respectively. 
required wide band of television modulation frequencies. of the carrier remains when the balance is not perfect. 
may be used in grid modulators if neutralized to prevent. bef Plate Modulators. ‘The constant-current plate modulator utilizes 


‘The output is then reduced as explained in Art. 7. ‘The voltages duls The consts : * 
and power in the plate cireuit have the following approximate ®f choke coil in the circuit which supplies plate power to r-f and 


Fia. 9.—Class C grid modulation. 


output voltage with the If and carrier-harmonie components 
out. 
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a-f amplifier tubes, as shown in 11. The total plate current 
constant by virtue of the inductance of the nak ‘The inst 
audio-plate voltage is added to the plate supply voltag 
audio cycle changes the latter to Ex(1 + M). The r-f ind 
prevents the loss of h-f power in the audio tube, and the cond 
preyents the short circuit of the audio-plate voltage. 

The a-f tube, frequently called the modulator, supplies mod 
power, but the actual modulation occurs in the plate circuit 

r-f tube. 

The plate current 
tube cannot be al 
during the modalatio 
without introducing 
tortion. is 
fore, to operate the 

Fro, 11.—Cireuit for plate modulation, With 9 higher zero 
Ps current than the rad 
order to reach unity modulation without audio distortion. 


done by applying a higher plate voltage to the audio tube, | 


by using a by-passed resistance in the plate cireuit of the 

or by supplying the audio tube (or tubes) through transformer 

as illustrated in Fig. 12. A further improvement is indicated in Fi 
since saturation of the transformer core is prevented by eliminatil 
d-e magnetizing component and since even-order audio harmon 
canceled by the push-pull arrangement. ‘The efficiency of the 
increased by operating the audio tubes in push-pull class B. 


Fig. 12.—Transformer-coupled plate modulator. 


former coupling the total d-c is no longer constant but varies 
modulation, 


‘Tho voltage, current, and power in the plate circui 
relations for sine-wave modulation: pie cea ate 
Tube and circuit voltage, 


Ewax, = (1 + m)Es 
net 


input power, 
Wras, = (1 + m)*EuD, 


Average r-f input power, 4 
Wav = (@ +@)on 
Average output power, 
2 
Wo = (a + meats 
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ge audio input power, 
mt 
We. = Bile 


plate loss, 
We = (1 -a(2 +m Vn (83) 


» Ey and Is = the d-c supply voltage and current, respectively 

m = the degree of modulation 

‘7 = the plate efficiency of the radio tube. 

plate efficiency is high (often 0.7 to 0.8), ‘and the chief disadvantage of 

td imodulation is the large amount of audio power which must be supplied. 
The radio tube is operated as a class C amplifier with bias at a proximatel, 

Yro times cutoff. Since the plate losses are 50 per cent higher with full 
Mdulation than for unmodulated output, the tube must be used at two- 
4 is its rated power. Low-mu triodes are suitable and ensure low plate and 
fd voltages. 
Gri-leak bias helps in obtaining linearity up to complete modulation. 

Tinesrity may be checked by direct adjustment or by test at 60 cycles ith 

‘proper plate load for a range of plate voltage from 0 to 2B. 


14. Modulated Oscillator. Plate modulation was originally Sea 
tly te the oscillator tube and circuit. Practically full modulation 
y be obtained with excellent linearity, but the arrangement has the 

disadvantage of introducing fm. _ The frequeney of the oscillator varies 

the plate voll ., and, since in plate modulation this varies betweeu 
28, and 0 during full modulation, the oscillator frequency deviates from: 
its mean value with the modulating signal. 

The same circuits are between the two tubes, and the same 
voltage, current, and power relations hold as with a plate-modulated 
Amplifier, Linearity is obtained by adjusting the value of the grid leak. 

Modulated oscillators are now considered suitable only for test equip 
Ment in which the is not objectionable. 

15. Copper Oxide Modulators. Copper oxide rectifiers are applicable 
mpd ¢ modulators and are used widely in carrier-current telephony. 

y function as carrier-operated switches for opening, shorting, or 
Teversing the elements carrying the modulating currents. 

Copper oxide rectifiers are not suitable for use at frequencies much 
we 1 Me, except at low impedance levels on account of inherently 
¢ shunt capacitance. ‘They are compact in size and eliminate the 

heater connections necessary in similar circuits using vacuum tubes. 


bal main’ ‘a satisfactory balance in carrier-suppression circuits using 
lanced modulators. z 

The power-series current equation for a copper oxide unit converges 
5 rly, and its characteristics are expressed more easily quantitatively 
the. stance for different applied voltages. For voltages in 
the direction and for less than 0.02 volt in the forward direction, 
i resistance is high and substantially constant. |For forward voltages 

ween 0.02 and 0.6 volt the resistance is approximately 


rene (34) 


Where kis a constant which may be as great as 18. For forward voltages 
farger than 0,6 volt the resistance is low and nearly constant. 
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eu hacdiésicn Pe ing i in comparison with the signal 
San ee hoes teas ing sonper oxide unite aro sowie Fe eee Serie wattineint (tany be rected exUetsetenty 
PREM dl trequenten ies pe Ho voltage sources at ti ude, ‘The units are operated with about 0.5 volt carrier across 
source, signal eource, and load are’ Zo Ze and Ze teepeatinl isk in the forward direction, ‘The optimum impedance in the 
forward conducting direction of the units is shown by the nrrowa: nd CUR Sa 
Since the carrier and signal voltages are applied to conjugate tea 4 = VER, (35) 
ier bridges, the resistance effects are balanced, In 4 ‘ d li 
eg Td Ce atoning a econo olay of chai Ber sa oe eerie nceanion a toee eae eee 
14 the effective cor re f respeetively. . ve en only : 
* Sees conrec the Sanaa fopper oxide bridge modulators differ from, van der Bijl vacuum-tube 
eed modulators in that they transmit in either direction, ‘They 
ition equally well as modulators or demodulators, 


MODULATORS FOR P-M AND F-M WAVES 


6. Phase Modulators. ‘The usual method of producing p-m waves 
fo combine the output of a suppressed-carrier balanced amplitude 
lulator with an unmodulated carrier which 
s in phase by 90 deg from the original car- Ey 
. A vector diagram of the carrier and the § ~— fa 
side-frequency components plotted relative \ / 
rrier is shown.in Fig. 15 for a single —\-g | 4g / 
odulating frequency. ‘The net side-fre- ,, 
ney voltage 2 isin the direction shown but Be-\*| /-€p 
iries in magnitude according to cos at. \|/ 


F / 
he resultant phase-modulated voltage ey varies \ Be (Suppressed) 
Phase from the new carrier £,’ by the angle, Sie 

Fic. 15.—Veetor rela~ 


ppear in each uni 2 a tions in phase modula- 
or differentially. i @ = tant pee A retoge so 


. for angles less than about 25 deg., is approximately 


ge Mi goe a my cos at G7 


Fesultant voltage varies only slightly in magnitude and is 
6p = Eo! 008 (cet + my cos at) (38) 
When modulating signals at more than ono ueney are present, the 
ents my ‘ms, ete., are proportional to the original a.m., and p-m waves 
xlucod. 
GD ull phase departure of less than 25 deg. may be increased by fro~ 
notc*nels Ff h '¥ multiplication of the instantaneous frequency. (See Art. 37.) The 


Voltage is then 

‘ ; 5 J = E,! 008 (neset + nm cos at) (39) 

tions, The fre i a 
opedanees aceugneies, of the components appearing in tbs I Frequency Modulators. Frequency-modulated waves are obtained 
or zero, ny is any odd number, and n, is any even number oF £07. Msuethod deseribel in the section above when the modulating signal 
e out 0 designe imi vO rough a filter whose response is inversely proportional to 
fréqumoishInvalting iets o cimine aa gal frequency. ‘The instantaneous. frequency” is, multiplied 
Perens Jo and when, double modulation is used iim Bitiore discot motid coneets 1s controling tho resctanos of tho 
‘fl Pes ed. The ring or double-balanc . Histor tuned cireuit b; ta trol tube in accordance with 
{iff from the simple-bridge modulator in having no term of fe Biznal. "A typical cirsuit is shown in Fig. 16.ns one of many possible 


Fie. 14.—Double-balanced or ring modulator. 


its output. 
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The output of A class Af 
e tube is not realized fi 
e in frequency between the input and output carriers. When 
of higher order than A,¢? are negligible, the operation is according 
aaquarc-law characteristic, and there are no spurious intermodulation 
compared to the net average reactance. ‘The output voltage then be expressed as 
Any component of control-tube plate current, not at 90 deg. 
tank voltage will introduce a.m. This is eliminated by adjusti ZrpAsE Ke 
phase shift to grid 1 of the control tube. iP Pear 
S-B(L + M) cos wir.t (42) 


(L + M) cos coie.t (41) 


‘The curve of frequency deviation from the carrier frequent 0 
linear with respect to the modulating voltage. It may be dl : =e 


+e 


¢ WV represents the instantaneous m 5 is the conversion 
conductance which is the i-f plate current per volt of applied signal 
the selected oscillator and bias adjustments. 
Conversion gain is the ratio of the voltage developed in the i-f cireuit 
ily measured at the grid of the following tube) to the signal voltage 
ed to the converter tube. ; 
Superheterodyne Frequency Converters. Frequency converters, 
imes called first detectors, in superheterodyne receivers are operated 
‘as large a local oscillator voltage as possible without endangering 


E 
near i-f response. This ensures the highest conversion trans- 


Fia. 16.—Circuit of frequency modulator. 


. - § ‘tance and conversion gain. 
applying direct voltages, over the operating range, to the n When the signal and oscillator voltages are applied to the same grid 
grid: and observing the oscillator frequency is biased nearly to cutoff in the absence of oscillator volage, an 
_ The circuit illustrated in Fig. 16 provides f-m waves when the mo Oscillator voltage is made a volt or so less than that, which would 
ing voltages are proportional to the amplitude of the signal. ¢ grid current. Plate current then flows for the positive peaks of 
signal is passed through a filter whose output is proportional lator voltage and is cut off for a large part of the cycle. ‘The plate 
signal frequency before application to the control tube, p-m rent is modulated by a relatively small signal voltage, and the sum 
produced. nee frequency compor ats (usually the latter) are selected and 
- n the plate circuit as the output, 
FREQUENCY CONVERTERS AND MIXERS he conversion transconductance under the most favorable conditions 


18. Class A Frequency Converters. A power-series hot exceed about 0.3 of the transconductance of the same tube as an 
plate current accurately determines the output of a tube used it Limited a-v-e bias may be applied to the signal grid for control 
modulation service when the plate current is not swung to cul onversion gain of variable-mu tubes. 

‘The signal and local oscillator voltages e and ¢ may be applied Special Converter and Mixer Tubes. Interaction between the 
same or separate grids, ‘The third term of the series Ase of E and oscillator cireuits of frequency converters produces undesirable 


‘ator detuning. This may be reduced somewhat by coupling the 
lator voltage to the suppressor grid or to the cathode of a pentode 
= AsEoBerp(1 + m cos al) cos (wo + wt mutter tube, but even these expedients are ineffective when the 
Tr +Z Mtage difference between the signal and oscillator frequencies is 
hen the si F “as in the h-f bands of so-called all-wave broadcast receivers. 

when the signal and oscillator voltages are franc Pentagrid mixer tubes, such as the 6L7 tube, have been designed 

a= Squeney-converter service which give superior performance due 
BCL + m cos at) cos at shielding between the signal and oscillator grids, high plate 

ce, high conversion transconductance, and suitability for a.v.c. 
ly designed multigrid converter tubes of several types are also 
le in which two of the electrodes serve as the grid and plate 


when expanded yields the i-f plate current, 


ty, 


and 
€o = Eo cos wot 
and r, and Z are the plate and output impedances, respectively. 
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of the oscillator circuit. The electron stream as initially con 


the oscillator is modulated by the signal applied to a sei erties but are rather unstable and will carry only small currents. 


eric per. eee ee are any, a oy jroreir Sreauensied Dey 
i ft a ‘ i - citances which preven eir effici se at 
The best stability and conversion gain for u-h-f sigpals are a ign quencice Diodes have low capacitances and are suitable 
with a high if. with a separate oscillator tube, and with the si igh carrier frequencies at. any level of impedance which ean bc 
ocllator voltages applied to the same grid of the converter tub eid their input circuits. Diodes have high voltage-handl "i 
. Spurious Responses. The desired signal input applitd ability ive substantially linear demodulation when used with 
verter tubes must not be sulieient to dravs signal grid curtent oF pai ey Soa ienatanany Hace 
the plate current to complete cutoff for the positive peaks of og¢ é a ie ; ji 
voltage during Reece modulation, Too large i signal “Tho current-voltage characteristic of adiode changes from may civonentisl 
harmonic distortion of the envelope of the i-f carrier, ¢ for negative voltages to a 34-power curve for positive voltages. Vo: 
‘The linearity may be checked by measuring the i+ output for ere voltogee ‘ 
of unmodulated signal voltages for the oscillator and bias eo thet (46) 
selected. For full modulation the linens y is satisfactory to hi 
signal level indicated by the test. Such ‘a test is analogous pas 3% a7) 
described in Art.9 for modulator tubes, but in this ease it eel f tone +0" ° 4 @7) 
develop a sufficiently high plate-cirouit impedance at a low test fre oi and ¢ are constants. io and ¢ inerease with, cathode 
to gimulate the value at if ; 3 ; A nearly independent of operating conditions; and / increases 
trong interfering signals of a number of definite frequencies p : ¥ inti ; i 
spurious responses in the output. A gignal. at the convertaa Bee a darter en oiee in acu ean 
either higher or lower in frequency than the oscillator by the if, p * ‘ ; i i b 
equal response in the tuned output circuit. One of these havity “88. Diode Peak Detectors. A diode used with a load impedance t bat 
selected us the desired signal, the other is known as the image high at zero and modulation frequencies in comparison with its forward 
and must be attenuated in preselector circuits ahead of the ci Rsistance is an excellent peak or “envelope detector. Satisfactory 
P peak: x 
tube. Hormance without audio distortion at high signal levels depends on 
¢ design of the associated’ circuits, Rectified load voltage, either 
rf fi ts 
esitive or negative with respect to ground, is developed in the load 
pect to eS 
nee which is by-passed at carrier frequency, a8 shown in Fig, 17. 


ir positive voltages 


This spurious response is predicted from the expansion of the tor 
where . 
¢ = B, 008 wt + Ej cos wit + Eo 008 wot 


where E, and E; aro the amplitude coefficients at the signal and in 
frequencies, The desired output is 


AsK,Eo 008 (9 — o)t 
and the particular interfering output is 
3gAsE Py cos (20; — w)t 


) 
Fig. 17.—Typical diode detectors. 


_ Diode current flows only for an instant at the peak of the carrier 
axe in the forward direction. ‘The pulses of current charge the load 


Other interferences may be predicted from the other terms of the ex puss condenser to nearly the same voltage as the carrier envelope 
piss the diode beyond cutoff except during the short pulses. Neglect 
the sli 


of Ase®, Aces, ote. d 
DETECTORS : ight h-f variation between pulses, ie voltage across the load 
. : i tance is ional to the carrier envelope. : 
22, Two-terminal Rectifiers. Units having asymmetrical -B The charge which i replenished at each pulse, must Teak off sufficiently 
acteristics, and therefore having inherent rectifying propel Ore the following pulse for the bias voltage to follow the carrier enve- 
suitable as detectors or demodulators. Many crystals &t its maximum slope. ‘The critical relation is 
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1 m 
aRG * Fi =a 


where a/2x = modulation frequency 

R = load resistance 

C = by-pass capacitance 

m = degree of modulation. 
The capacitance C is made large enough to by-pass the carrier 
enough to reproduce the modulation.” Since full modulation is 
used at high frequencies and since the harmonies of the higher f 
cannot be heard, it is sufficient to follow to about 0.8 modi 
5,000 cycles in detection for sound reproduction. 


[ee 
2 
1 eNes-1-+- 4600 , ime 
‘e g a | 
Sites 
is cin s00 & 0 * 
| Eg 1 
iS ts loo0 8 8200 
iN |_| Tl 3 Y 
SIN T = 8 | 
ENS P}-300% & 150 a 
g NIL S 2 i 
s 212005 S004 is 
Rea s 
100 soa tt T 
() 
-50 -40 -30 -20 -10 0 > 5s 
D-C Volis Developed by Diode Peak Volts 
Fic. 18.—Rectification charac- Fic. 19.—Load rectification dit 
teristic of diode, diode. 


, Figure 18 shows the rectification characteristic of a typical diode. 
fified current is given for soveral steps of rm-s input voltage in ta 
load voltage. ‘These characteristics may be determined by test at 
according to the method of Art. 9, 

The ratio of the d-c voltage Ey to the peak value of the applied voll 
is the voltage efficiency of the diode. 


Curves for constant Steer p lotted on Fig. 18 would have the same 
characteristic slope as the load-resistance lines shown. 

Figure shows a load rettifieation diagram for a 100,000-ohm 
resistance as taken from Fig. 18 on oad directly from test data- 
linearity of Fig. 19 indicates that a diode is suitable for signals as 
gan be supplied by the previous amplifier without overloading. 
departure from linearity at the origin shows a small amount of 
distortion for small input signals. 
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: - si t propor- 

jfference between the peak a-o and the d-c voltages is almost or 

di erveetified current Zz and, except with small input signals, is equiva; 

to the Fetanee drop in series with the output. ‘This effective internal 
resistance Rs is 


i (60) 


R=, 


i i t shows that the peak value 
{Fourier sories expansion of the pulses of current shows that the peal valve 


it mental component. at. carrier frequency is, ‘ 
a ian than Lper ent error, ‘Thus the effective input resistance of the 


is 
Be _ Br Rg Lok 


‘Tho impedance of the source Zo 
jlueos a drop in voltage 


Gols = 2Zols (52) 
the equivalent generator peak 
Eis 
Ey = IR + Re + 2%) (63) uy Mod. Output 


: Bias C, 

a ve tions apply to an % 4 Me 

modulated carrier. in a practical Fra, 20.—Typieal diode cirewit 
i load may. be shunte: x , 
a ine a anees aé-the modulation frequency. Figur 20 shows a uit 

which Rs is a decoupling resistor for a-v-c supply and Ry isan output, Rea tor 
hed for dc. ‘The resistor 2, with the by-pass capacitors Ci and Cs, filters 
hei components from the output. ‘The d-c load resistance 2 is 


R= +R: (a) 


and the impedance R’ at low 
modulation frequencies is 
R=Rit 

RaltsRe 165) 


Tals + Rakes + Wks 


The ratio R'/R is called the 
a-c/d-e ratio and is the most im~ 
portant single circuit relation in 
the operation of the diode. 

The modulation-frequency 


Fig, 21.—Equivalent diode circuit. gjtuye' Be, developed in the load 
the modulation-frequency component of the load eurrent I~ is 
En = Rn (56) 


The corresponding generator side-band voltage B, relative to the carrier 
Noltage is 
Ey = 1n(R! + Ra + 220") @7) 


Whero Z,' is the impedance of the source at the side-band frequency. 
he equivalent output impedance Zs of the diode is 


4x = 2Zon (58) 


B45 
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for the d-c component and 


Zt = 22o'y oes een (62) 
for the modulation frequencies. 4 4 i i 
"Tho diode acts like motor generator with input and output imp unidirectional output voltage E, at the terminals of the diode in 
which depend on the connected output and source impedances. An sus of the carrier voltage Ey is 
lout diagram is shown in Fig. 21 . ‘ Eo (63) 
24. Diode Performance. ‘The relations between the rectified Bs = 97, + Ra +R 
and the peak voltages with resistive load during modulation are i f the 
Fig. 22. The impedance of the source to the sideband. freq the demodulated output voltage Bx in terms of the envelope 0 


Z is here assumed to be eo voltage E, is 
as for the earrier Zs, Th ae jig 
nates of the upper part 6 ie geo 
diagram are for d-c or mod : 22) + Ra +R 
frequency load current, her reductions in output volt 
scissas are for d-¢ or a-c p not included in the ve analysis 
current aulplied by ist wataye is reduced. by 
current multi uta 
values and bye for modi ratio i 
requeney values. The d Cig 65) 
the diode and in the soya C+G bap 
current multiplie o x ‘ 7 
‘The envelopes of the inp the diode supesitance Cs te ap 
and voltage are shown pois io Seo 
eyele of full modulation When, the capacitances Cy and C 
one cycle of modulation bare appreciable reactance at the ear 
inward modulates, Spee Be ete ‘tact polo, sad 
mensions are indica the voltage is reduced by an amount 
aint in the envelope in dl 
The figure is exaggerated 
poses of illustration. ‘Theo 
voltage across resistor R 
20 is reduced further by 
age drop in resistor R, (not 
‘The peak of output volts 


Fia. 23.—Diode detection with reac~ 


ara volt whens Brformance et 10. peak tive load. 

of instantaneous inward n ping. On account of the effect 4 inding 

tion of the source exceeds’ rated by Hea, (OB), it 4s undesirable to feed a diode from an untuned win * 

’ & transformer. i istors Rs and/or Re is cal- 

ia. ae" Winah Gabestun , = 2d + Rath ¢ portion of the voltage appearing neross resi 

10. 22.—Diode detection with resi M =e ate really in terms of the total output voltage, appreciable in gom- 
ie susceptance of c% i line follows an ellipse 
as shown by the shaded area in Fig. 22. This is the reciprocal mt with the conductance 1/2 the dynamic load line follows an elise 


as is shown in Fig. 23 instead of the slope 1/R’ as 


factor by which the degree of modulation of the source is ine modulation output voltage is then 


terms of the current. 
_ Thed of modulation which is subject to linear detection ae 
inereased by making 2’ nearly equal to & or by increasing Zs. Em = pay + Ra +R 


> (67) 
y + Ra)\ 
A Fourier analysis of a sine wave of which one peak per cycle is olippe - indi by Ea. (64). 
a fraction V indicates that the rm-s distortion dvs approsivuately” ee oem s restive load slight! 
are eee Fikrig at high modulation frequencies as 

=o: zs 


eases the tendency to peak 
own by the shaded portion in 
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jon is illustrated in Fig, 25 which shows the dynai 
De ee including the plate load selected. ‘This may be obtained 
miny convenient frequency by the method of Art. 9. 


The highest d-c output is required when the circuits supply 
and it may then be desirable to use an input transformer with an 
primary designed for optimum energy transfer, 

The reduction of modulation-frequency voltages indicated by 
the least when the impedance of the source to the side-band frequenetal 
conjugate of the diode input impedance, Thi most nearly rei 
practice by the use of an input transformer h tuned primary and 
ary, whieh is recommended when it delivers u sufficient output voli 

In general, the input impedance Rr is matched approximately. 
source impedance Zo for maximum power transfer, 


Jy = me 


3 
2y 


Il voltage efficiency of the diode and its associnted eb 
ordinarily of the order of 0,2 for the modulation components and 0.3 . 
direct voltage. 


25. Biased Diodes. Fixed negative bias applied to a diode t 
vent its operation with v weak signals shifts the load line of 
parallel to. its original position along the voltage axis. ‘This re 

eak clipping at lower aegee of modulation of the source. A 
biased. inde for delayed a.v.c. should not be fed from the same ¢ 
as a signal diode, since during peak clipping the voltage of the 
rises as shown by the shaded areas in Bes 22 or 23 and dis 
envelope delivered to the signal diode. > 

Peak clipping in « biased diode used for a.v.c purposes develops @ 
rectified output during prolonged periods of deep modulation 
cause fluctuation of the receiver gai 

26, Push-pull Diodes. Diodes in push-pull require a mi 
load by-pass capacitance since only carrier harmonies are by-ps 
ground, Such circuits are useful’ where high modulation ‘freq 
must be reproduced, as in video detection in television receivers, 

‘Tho input transformer for push-pull diodes must be carefully bi 
since the bias developed across the load resistance is applied 
tubes. If the voltage peaks for one diode are less than the bias de 
by the other, only one will function, 

‘This condition is most eritical when the diode effi jieney is 
with high d-c load resistances. Lack of balance is not so serious 
low-impedance levels used in detection for television, 

27. Grid Detectors. ‘Tho circuit, elements connected betwee 
grid and the cathode of a grid detector act substantially the sam 
are determined by the same considerations as are the col 
elements in a diode. As with a diode the lond on the previous el 
is equivalent to a shunt load of approximately half the resistance @ 
grid leak. 

Figures 24a and b show typical triode and pentode power-grid de 
cireuits, The tube must be operated with low plate (or sereen) 
since in the absence of signal there is no bias voltage. ‘This 
the useful plate swing, ‘The range may be extended by. operati 


Fia. 24.—Power grid detectors. 


(b) 


(a) ? 
Fra. 25.—Power grid detection. 


tube from a high-voltage B supply with resistance coupling, or wit A pulse of grid current charges the grid condenser at each positive 


resistor in series with the load, by-passed for audio, with t 
coupling, 

‘The carrier-frequency components are filtered from the load 
by LO or RC networks. 


i ive grid bias.with the same 
f gris d establishes a negative grid bias.with the sam 
te relative to the Nenvelope as in a diode, ‘The net applied-grid 
tage, after the loss (not shown) in the source impedance is deducted, 


348 THE RADIO ENGINEERING HANDBOOK 40) MODULATION AND DETECTION 349 


is indicated by curve a in Fig. ‘The instantaneous grid voll 4 i ad, while the h-f components are by-passed to 
tothe modulated wave is supeimposed onthe bias and bredas satin Carve aot Rig’ 37 shows the instantancous values of input 
tancous values of plate current as shown in curve b of Fig. 2 he grid which is biased by the voltage —E,’. Curve 
amplified useful output is proportional to the average of the plate CU ee ee eae Ss values of plate current superimposed on the 
upon which the individual cycles are shown superimposed. i ydulated output. ‘The effect 

f the negative peaks of instantaneous grid voltage swing 0} dev 


if curv f the grid-plate Rez 

curved lower portion of the characteristic, the audio is d eo rciay ecageatencin 

distorted by partial plate detection. ‘This effect is exaggerated in F fhis figure to illustrate the even 2 CF 

which shows more than normal curvature of the gi plate ch harmonic distortion from this <2) 3h, 

istic to illustrate even-harmonie distortion of the modulation freq ioe in the output. + 

in the output, "The power-series expression for ie + 
=“ 


The audio ‘output voltage which may he obtained satisfacto be areesees tao algel 
about 0.3 to 0.4 of the corresponding value for the same tube whe Be nkstisals perritatn audi the andar aoe inal for taste detects 
Smlampite. 7? formance isdetermined by test. oe ay 
Fower grid detectors operate over a limited range of voltages ay linearity of the output versus the input is shown in Fig, 28 which is a 
ingufficient for a.v.o, 8.3 : Joad-rectification diagram for a pentode plate detector. "This diagram 
28. Square-law Detectors. The sensitivity. of a grid-leak da may be obtained by test at 60 cycles when the impedances are made the 
for very weak signals may be increased by using a high-resistang sane as in actual use, Load current is plotted against r-m-s values of 
leak, ¢ grid then operates on 2 portion of the grid-cathode chara input voltage for the selected load and bias conditions, 
istic which is substantially square law and over which the grid 4 
is never cut off. This method introduces harmonic distortion with 
degrees of modulation and produces an output proportional to the 4q 
of the carrier voltage, ; 
When the applied voltage is 


¢ = E,(1 + m cos at) cos of 


the power-series expression for grid current ¢, yields from the term 
for square-law detection 


Stews 
pape ar + 2m cos at + + ™ cos 2 a) 
The audio component is of the grid current is 


. i” m 
ia = AsBi*(m cos at + ™ cos 2 at) 


‘The same audio components appear in the output. For full n 
tion the second harmonic distortion is then 25 per cent. 
A tube biased to a curved portion of its grid-plate ch 
ates approximately as a square-law detector for lo 
The output and distortion vary in the same way as w 
detector for weak signals. However, the weak-signal pl Pe 
does not load the previous circuit and is therefore aitablo for use 
ihe voltmeter. _It is seldom used for demodulation, 
9. High-level Plate Detectors. A plate-cireuit detector for 18 
signals is biased neatly to outa in the absence of a signal, and a hi (a) 
late voltage is used to extend the range of operation. typical eit PY ns detection. 
Is shown intig. 2. ary Bi ‘YP! Fia. 27.—Analysis of plate 32 
¢ operation is illustrated in Fig. 27 in which plate current is plat aia . n of the linear portion of the grid-plate 
against bias voltage for the load impedance sclected. ‘The posit) «h,,°° intercept. of the extension of the linear portion of the is 
excursions of the instantaneous grid voltage produce substantially Yoltage for maximum output and minimum distortion, as shown by the 
waves of plate current, the average values cf cach pulse producing | Cae 
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When the tube is driven hard enough to draw grid current, the 

impedance must be low or grid rectification will reduce and’ di 

output. Pentodes may be biased to draw no grid current over the 
range. 

legree of modulation which may be handled without 

is limited and may be calculated from the linear portion of the 

curve of Fig. 28. A slight improvement in the performance 


range of input voltages may be obtained by increasing the bias for . Io+], 76 
signals, n= LVJRwO Ti (76) 


While the porformince of « plate detector is indicated by the 
Fig. 28, the following detector quantities are often used: 


» Iy = plate current for zero signal 
The detection plate resistance Mee is ge: . 


J, = increase in plate current with signal, 
A proper choice of 2 and C therefore permits full modulation without. 
Pa | peak clipping. 
Oly |E= Be ‘The shunting effect of any impedance in the grid circuit of the follow- 


isluated uisdée operasing doodldona ‘with  tarsier BE (ir tis oath ing tube can be made negligible, since 2 is smaller than in diode eireuits, 


60 cyéles) applied to the grid. It replaces Ry in detector equations, 


wet of ie oe a Cutout 


Fra. 20,—Infinite-impedance detector. 


‘The operation is linear up to an output level limited only by the plate- 
ppl y voltage. A disadvantage of this circuit is its inability to supply 
tage for conventional a-y-c circuits. 
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R-M-S Input Volts 81. Conversion to A.M. Phase-modulated or frequeney-modulated 
Fro, 28,—Load-reetification di Waves are detected after being converted to a-m waves. In general, 
, . 28.—Load-rectification diagram of pentode, &m. is produced when an f-m wave is applied to a circuit of which the 
The conversion transconductance 8, is Smplitude characteristic or the phase characteristic is non-uniform over 
tange of applied component side frequenci particular, when 
raps ate 4 amplitude and phase characteristics are linearly variable with 

OB \Eak a.m. proportional to the original f.m. is obtained. 


t of the form indicated in Eq. (5) applied to such a cireuit 
luces a voltage 


¢ = Zold{l + Sma cos (at — Pa)] cos [wd + m sin (at — Pa) (77) 


*here S = slope of the impedance characteristic AZ/Aw 

P = slope of the phase characteristic A¢/Aw 

Z, = impedance at the earrier frequene 

h an impedance is obtained approximately, over a limited fre- 
range, on the side of the resonance curve of a parallel-tuned 


‘The efficiency of detection D is 
_ Ske 
ri 
where 4 is the amplification factor and is also evaluated under 


D 


conditions. 
‘The change in plate current due to modulation is Suci 


aly = fone jonah or near the resonant frequency of a series-tuned circuit. The 

a Ta + Ra nt voltage is amplitude-modulated at the modulation frequency 

where m = the degree of modulation to a degree Sma. The phase shift of the modulation envelope 
Z1, = the load impedance. of the remaining fm. or p.m. by the angle Pa.is usually of no interest. 

30. Infinite-impedance Detector. A triode self-biased nearly to ney easel cae ccagpe pemmaias ine serecd 


current cutoff by a large cathode resistance (by-passed for the 
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‘gee. 10 


For f-m waves the modulation index m, is inversely proportional { or by adjusting the diode resistors R-2. Curve a shows the output 
modulating frequency @/2r and directly proportional to the dep ith too little loading, and curve b, the output with excessive loading, 
modulation Aw. 8. Phase Detectors. It is necessary to use a frequency detector for 

do gn waves, followed by a corrective network, when the modulation 
en oe. < is greater than about 0.5 radian, in order to avoid distortion 
e i ‘ jac of the demodulated output. 
The depth of amplitude modulation me obtained is hen the modulation index is small, 


ob Bapaiiee m wave may be combined with an 
Meir emai (ae) BPiiary carrier eynohronized 90 deg. 
For p-m waves the modulation index (m,) is independent of out of phase with the modulated car~ 
modulating frequency. ‘The output is then distorted unless the d fer. The composite wave is then am- 
lated signal is passed subsequently through a circuit whose respon plitude-modulated by the reverse of the 
inversely proportional to the modulation frequency process indicated in Fig. 15. 
‘The linear slope filter is a true frequency-ampiitude converte ‘ 
may be used as a phase-amplitude converter when followed by t e0t MISCELLANEOUS APPLICATIONS 


Load current + 


tive network. , $4. Grid-bias Amplitude Limiters. 
82, Frequency Detectors. A single frequency-amplitude conve An overloaded class C amplifier with 
of any type responds to spurious a.m. present in the ori; L si grid-leak bias may be used as an am- 


litude limiter at low and intermediate 
Ber iencias: ‘The connections and re- 
presentative input-output curves are 
in Figs. 82 and 33, respectively. 
operated at low sereen and 

plate voltages to prevent excessive cur- 
Tent in the absence of a signal and to 


5 i 2 
Provide a low overload point, Fic. 31.—Discriminator charac- 
Cee Y rg The resistance R is selected to teristic. 
Fic. 30.—Diseriminator or frequency detector. Provide bias, due to pulses of grid 


Current, at a rate which forces the tube to plate-current cutoff over 
§reater portions of the i-f cycle as the input voltage is increased. The 
xact value of resistance required to give a uniform output over a cae 
of input depends on the impedance of the plate load and on the supply 
Voltages. irae aand b ts 33) illustrate the output with too small 
And too large resistances, respectively. 


The differentially combined outputs of two detectors, operated fi 
converters with opposite a produce a net output whic is lit 
with respect to frequency but zero at the carrier frequency 
arrangement gives no output from a pure a-m wave when the ei 
carefully tuned to the carrier. During the reception of desired 
waves, spurious a.m, is also detected, but with a lower output than 
a single detector. 

._ The response to spurious a.m. may be further reduced by an ampli 
limiter ahead of the frequency-amplitude converter, 

Figure 30 shows a typical discriminator for the detection of wid 
{.m., similar to the type used for a.f.c., but designed to be linear 0} 
required frequency-d ‘ion Fange Tt combines two opposite 
pooveiae in rene device and ee e Cases Ra! a single i-f one 
or limiter. The primary voltage plus half the secondary voltage Fro. 32.—Grid-bias limiter. 
applied to one diode, and the primary voltage plus half tie secon hase a eas: , 
voltage, in reversed polarity, to the other diode, ‘The difference het! ‘The grid current loads the input circuit, and the curves are obtained 
the two rectified outputs is obtained by the series connection shown by ‘pplying the input voltage to the grid of the preceding tube, The 
jy t¥Pical response curves for discriminators are shown in Figs | Sapacitor Cis made as small as is consistent with over-all ans thatthe 
These curves may be obtained by observing the d-c output ias may follow rapid changes in the amplitude of the input. 
over the required range of frequency deviation at a definite lev 85. Diode Limiters. Diodes may be used as limiters either in series 
unmodulated carrier voltage applied to the grid of the previous * in parallel with the load. Figures 34a and b show two typical exam- 
under selected operating conditions. ‘The separation of the peak les 


ope of many possible arrangements. 
the characteristic is determined by the mutual induetive reactanee - fin” Fig. Bhat when the reeislanoed ‘of the source and load are equal, the 


‘The linearity is controlled by loading the tuned circuits with a diode passes current when the input voltage is more positive than 
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plied to a square-law tube, the third term of Eq. (16) yields a modu- 


Neretarn resin ths tat nel ee PP arrent wave at twice the original carrier frequency 


No current reaches the load outside of these limits except 


a aah 
i= ASE + 2m cos at +95 +25 cos 2at) 03 2ut (80) 


dine coniantat eae now degree of modulation m! for the fundamental is 
pacitances with the resistang Petry eb 
small compared to the p n= 
the wave. a 
In tie 8 cach die 1 i d harmonic modulation 
conducting as long as the o addition there is a second hai : 
10-5 0 45 +10 #15 420 425430 voltage is less than £2. ate a a (82) 
Input,db larger values of voltage (+), 4 mt 


tectae at diode or the other shunts 
toriation miter charac- with its low forward re na p-mn or an f-m voltage wave 
For effective limiting, the = E cos (wet +m sin at) 
ances of the source and load must be considerably larger than the: cS ¥ as . ai 
i applicd to a square-law tube, the third term in Eq. (10) yields a modu- 


resistance 
Limiting stages may be used in easeade, alternated with amp current wave at twice the original carrier frequency 
stages, to obtain nearly rectangular !-f wave forms. 

in both arrangements shown 
in Fig. 34 a small bias voltage 
may be needed for symmetrical 
er on both half waves to 
neutralize the zero-current, diode 
voltage. When limiting in one 
polarity only is needed, one diode 
may be omitted, 

86. Threshold Limiters. A 
typical example of a threshold 
limiter forquiot automatic volume | ing , 
control is illustrated in Pig. 3: juste ‘i tput. The expansion of the power. series 
Tn the absence of a signal the yo, 24—Typee e? dogs ta Fe rare coanh trequanty terms of more than twico the 
first, diode is biased beyond eut- 3 caries frequaney..-. E 
off by the d-c drawn through the second diode. When the he proper operating conditions are best determined by test. The 
sufficient to develop « voltage drop in & equal to —E, the second s is ‘approximately that for plate-current cutoff in the absence of 
biased beyond cutoif while the first functions as a normal detector mal in doublers and somewhat greater than this for triplers. A slight 
bias. At signal levels at which each diode carries some current ti Mount of feedback at the harmonic frequency increases the output and 

peak elipping when the signal is late efficiency. 
modulated. a Higher harmonies than the third may be selected for laboratory work 
ae 87. Frequency Multa 3 though the available power is limited. a 
£ tube with # non-linear grid-plate| Two tubes may be used in push-pull with increased efficiency. ‘The 
acteristic contains harmonies puts are connected in parallel for doublers and in push-pull for triplers. 
input frequency in its plate off 

he output circuit may be tuned References 
desired multiple of the origin 

juency and the other - 5 Thi i li it ict 
by-passed to ground. Frequency imultipliers are need only for con ity. C. B.: The Detection of Two Modulated Waves Which Differ Slightly in Carrier 
amplitude or telegraph waves. é sree Notes on the! Detection of 1 Mojulated Waves, Which Diller 
ee ee ocho vere : Sie in Carrer reaueney i; Ktedulated Waves by a Linear Reotier, Pros. 


¢ = B(1 +m cos at) cos wt RR., 24, 01-629, April, 1933, 


Fic. 33.—Gri 


ta AE cos (uae! -+ 2m sin at) 


(83) 


Fie. 35.—Threshold limiter for 
QAV.C. 
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———; Superposition of Two Mi i ies, Proc. 
F pation, of Two Modulated Radio Froquencie, TRE. 


=: Analysis of Load-impedance Modulation, Proc. 
Television Transmitters, Bleirontcn, 1 Nor 30-20, Marl 
Tenax, FE. and J. R. Woopraxp: A High-efficiency. Grid-modulated 


6. LR. 26, 129-845, August, 
A. W.: A’ High-efficiency Modulating System, Proc. I.R.E., 27, 500-511, 


Vanet 


Van pen Pot, B.: Frequency Modulation, Proc. I.R.B.. 18, 1194-1208, 
Wet, LR. ‘ests equenc) raplitide modulation’ with Ul 
Geauency Waves, Gen. Blec. Ret 42, Part T, 188-101, May 1930; Part SECTION 11 


AUDIO-FREQUENCY AMPLIFIERS 


By Grenn Koruuer! 


1, Classification of A-f Amplifiers. An a-f amplifier is usually defined 
4s one which is to work in the range of frequencies from 20 to 20,000 eps. 
‘Amplifiers for this purpose may be either selective or non-selective; 
they may be made to amplify substantially a single frequency or a range 
@f frequencies. Ordinarily the terminology implies that the amplifier 
will work over a range of frequencies. 

‘There are four general classifications of vacuum-tube amplifiers. These 
Wassifications relate to the manner in which the tube is operated with 

ot ee LE, characte . They are class A, class AB, class B, 
class C. 

‘A class A amplifier operates in such a manner that the output wave 

form for a single tube and any kind of output impedance is substantially 

same as the input wave form. Ina class A amplifier, operation must 
take place such that the dynamic characteristic i nord a straight line 
‘over the complete eyele of the input e.m.f. Ordinarily the grid in a class 
Aamplifier is not driven positive. 

A class AB amplifier is operated with more grid bias than a class A, 
and the grid is driven positive with respect to the cathode. In this 

of amplifiers the a-c plate current for each tube flows for less than the 

ill 360 electrical degrees of the input cycle. This type usually requires 
fone driving power. It requires two tubes in push-pull to give an output 
®ave form that is nearly like the input wave form 

A class B amplifier is operated with sufficient grid bias to reduce the 
Plate current almost to zero when no input voltage applied. Por a 
Angle tube the a-c plate current flows for only 180 clectrical degrees of the 

mit cyele. It requires two tubes in push-pull to produce an output 
*ave form that is nearly like the input wave form. ~abis 

class C amplifier is operated with more than sufficient grid bias to 
Tduce the plate current to zero when no input voltage is applied. | Plate 
ent flows for less than 180 electrical degrees of the input cycle. It 
Requires the use of a selective circuit in the plate circuit in order to give 

‘output wave form that is comparatively free from distortion. 

a eral Requirements of an A-f Amplifier, An a-f amplifier must 
Stisfy the following general requirements: 


tres The gain of the amplifier must conform to a certain amplification- 

luency characteristic. 

‘The output wave form must not contain more than a certain amount of 
tion that is generated in the amplifier itself. 


"Department of Electrical Engineering, University of Wisconsin. 
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3. ‘The gain of the amplifier must be such that a certain output por 
obtained from a given input voltage. Z 
he noise and “hum" level of the amplifier should be within 

assigned limit, ; 3 

5. The gain should not vary much with the usual variations in dee 
ating voltage, temperature of filaments, ete. 

6. ‘The input and output conditions should be such as to work the a1 
out of a certain source impedance into a certain load impedance. 


a he 
ket interelectrode capacitances are as large as for tl 
3, Elements of an A-f Amplifier. ‘The a-f amnlifier tube acts Fa ee the wockae aapeclintion’ are Tot Known itis good 
wer converter taking continuous power from the battery or d-c gmetice to add about 4 usf for adjacent electrodes an Ws ais 
in the plate circuit and converting this power into a-c power, hers except in the case where the grid comes out the top which req) 
converted power is used to set up a voltage across an impedance 
late circuit for the case of a volta; oni: or to supply power 
foal for the case of a power amplifier. For carrying out this fun 
each stage of an amplifier must be furnished with an input eo 
device, an output ee device, and the necessary sources of p 
actuate the tuby For the case of a multistage amplifier the 
coupling device of one tube may be the output coupling device 
tube ahead of it. 


CLASS A AMPLIFIERS 


4. Voltage Amplification per Stage. a. Simple Theory. & 
triode amplifier is shown in Fig. 1. The ® 
age-ampli can sieory given belogl p 
to a tube of three elemer its or more when 5 fy 
ated as a class A amplifier without exte . i Nee Meg ted 
impedances in any of the elements other ide. pe rng 
eo the anode or Into circuit. “In the ai P 
theory the interelectrode capacitances 0 ae cs : igri sed 
tube and socket are negleeted Bo change from that given in the handbook. Multigrid tubes used ns 
‘The two important constants of the amp A triode amplifiers are treated hy a at te] he 
tube are the amplification constant upedances in any of the other grid ci ; 
late The tube act ges irouit of Fig. 3 i 
Hi alternating ett. whieh i on ccna The voltage amplification A, for the cirouit 3 ial 
input voltage e,. ‘This equivalent source wh 4, 22 2 —_“o— Sn _ @) 
3 has a voltage —ye, and an internal jm By Gp + Yo + 50(Cop + Cor) 
rp Sots up a.c. in the external impedance Z,. The ac. through Z, 
an alternating voltage across Z, which is the o rut Voltnge Gy 


1G. 1.—Triode ampli- 
fier. 


and Gy = 1/rp. 


voltage amplification, or voltage gain of the amplifier is Taustis: tho in eticcttode capacitances are not very effecti 
zk the a-f range and the susceptances jw(’yy and joCpe are negli 
A, oe = ions Eqs. (2) and (1) are identical. 
B, t+. 


: i 5. pedance. ‘The input impedance of the tube shown in 
gad oVoltage impotent By re the vec Be se re taee Be divided by the current 1, that would flow in the 


& and ¢,. Voltage amplification is also a vector quantity. 0 Sd cirewn high vacuum tube, when operated so that 
f, is used as the reference vector. Figure 2 shows the voltage amplif a a cea ositive, the current 1, would be the vector sum of the 
tion in per cent of x plotted against ratios of output impedance to BiB ents through the eapacitances C,, and Cx. Since these two branches 
resistance: for cases where, Z, is a resistance R,, or a reacraneo Xe. Ste cficetively in parallel, it is better to consider input admittances. 
_ Because of the approximate way in which the ear responds to The expression for the input admittance is 

i.e. logarithmically, it is convenient to express the gain of an al P 4 5 A 
logarithmically. ‘The unit is the decibel, which is equal to 20 times Vs = joCs + joCyp(t — Ax) 
common logarithm of the absolute value of the voltage ratio. Hence 


(3) 
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‘The impedance The voltage amplifies : _ " , 
is a vector quantity and is obtained from Eq. (2) or (1) when es a ee cr anes ge eee Se ORS 
electrode capacitances are negligible in their effects upon A. Wh ferrent-voltage characteristics of a tubo are not straight linos, the output 
output impedance is a resistance, the value of A. is nsvslly a astance R, should usually be greater than rp to limit the second-harmonic 


real quantity, and the capacitance C,, is multipl +JAd). nt to 5 per cent of the fundamental. 
certain conditions when the impedance Z, has an inductive 


e ‘The maximum power output and second-harmonic distortion! can be cal- 
the input impedance Z; is made up of a capacitive reactance and n 


ted approximately for assumed values of load resistance by applying the 
oovring velstions and retorring to Fig: 6: 


resistance. ‘This is an important consideration in an a-f amplifier be 
it may cause sustained oscillations which in turn may cat (Umax, — Tmin.) X (Bmax — Emin.) 
distortion, Power Ott te ee (5) 
Trax. + Traine 
2 


Per cent second-harmonic distortion = Jes = Tae 208 OO) 


CLASS A MULTISTAGE AMPLIFIER THEORY AND DESIGN 


1. Methods of Coupling. Multistage class A voltage amplifiers are 
usually divided into three classes as follows: nie 
Resistance-capacitance coupled amplifier, illustrated in Fig. 5. 


Fic. 5.—Resistance-capacitance coupled amplifier. 
2. Impedance-capacitance coupled amplifier, illustrated in Fig. 6. 


Fic. 4.—Lond characteristics of triode. 


‘The input impedance of an amplifier tube is an important considers 
when designing multistage amplifiers. As a general rule this imped 
plays a pat in the performance of a voltage amplifier for all freq 
above about 3,000 eps. 

6, The Power Amplifier. The tube that is used to deliver 
utilization device such as a loud-speaker is generally called a 
amplifier. Yor this tube the voltage amplification is not a consi 
but the power sensitivity and the amount of power that ean be - 4 
without appreciable distortion a1 portant. The power sen it Fiq. 6.—Impedance-capacitance coupled amplifier. 
the power output in watts for a w It impressed on the grid. 3. Transformer-coupled amplifier, illustrated in Fig. 7. 


vity is given by the expression, 


The power se 


5 
Power sensitivity = 7 aad 


Fic. 7.—Transformer-coupled amplifier. 


There are several variations of the class 2 type. The resistaners in 
p, = BE ie grid circuits may be replaced by induetive tmpedanoes, In general 


*See also Art. 52, See. 8 
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5 ; 2 in order to provide a more convenient range for G,. To illustrate the 

the elements in both the plate and grid may be any type of imped rz ino 01 ab tus 

palong da they pas @-0. prmnore ciuipen tipes are The onsaial gee of the curves, suppose rp = 100,000, Re: = 200,000, and Rx = 500,000, 

the one with simple inductive impedances in both the plate and 005,— 

single multistage amplifier may be a combination of these d | 

fundamental types. ) 
8. The Resistance-capacitance Coupled Amplifier. This 004} fy 

tage amplifiers is illustrated in Fig. 8, with the inter rv 
capacitances of the tubes shown in dotted line. Consider the 
amplification of stage 1, E,2/Ex._ Over a middlerangeof fi 


the voltage amplification is substantially independent of the frequen hes et 
neither the coupling condenser nor the interelectrode capacitances A 3f 
007 
on} fi eat 
0 — 
° 2 4 6 8 0 
Gy inMicromhos 


Fio. 9.—Loss in low-frequency amplification due to coupling condenser. 


then G, = 1.76 X 10~*. For 0.5 db loss at 50 eps. it requires a coupling con- 
any effect. At the low frequencies the coupling condenser C denser C equal to 0.0125 yf. 
amplification to decrease with decrease in frequency, because there ‘Tho high-frequency gain, Au, is 
voltage drop, in C, from the plate of tube 1 to the grid of tube 2 
increases with decrease in frequency. At the high frequencies i (9) 
interelectrode capacitances cause the amplification to decrease 


increase in frequency because these capacitances lower the impeda fo which Ce Cyn + Cour + Cour + Cops(l + [Actl) (eo Fig. 8), and 
in the external plate circuit of tube 1. Ge = Gy + Go + Gyr 
Frequeney Characteristic. The medium-frequency gain Aw of stage 1 2h — 
Be dig op E 
Ba Ga $s F Ga i 
in which ns 
1 1 1 
Gyo, = Fr Gat = ay Go = oy and Gn = = = 0 
20 logio Aw will be used as the reference level, or zero level, to show Ss} 
happens at low and high frequencies. ‘The low-frequency gain, Ac, if ‘es 
of medium-frequency gain is ° 


A 
V1 + G/ocy 
Gyx(Go + G; 


in which G, = Go + Ga + Gy and C is the capacitance of the coupling © 


AL = 


denser between stages 1 and 2. The loss at low frequencies, due to C, i 0 § ee tare 2” B 

to 20 los 1 + ( The curves of Fig. 9 show the relation b . 5 5 + 

@ and Gy for parities: decibel Inoes at a frequency of 50 cps. The eUF Fic. 10.—Loss in high-frequency. amplification due to interelectrode 
may be used to predict the decibel loss due to C at any other frequency J capacitances. 


Iti the ordinates by 50/f- and locating the known value of CMCSS i ‘ 
aaltiphy tig sha oFciasen by 50/ fe anal toes tig Se kore ele site loss due to the shunting action of the effective capacitance C. at the 


frequencies is 20 logie~/1 + (@C./G.)*. The curves of Fig. 10 show the 
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relation between C. and G.’ for various decibel losses at a frequency of 
For a frequeney fs, multiply the present ordinates by 10,000/fa 
cate the capacitance C. on the new scale. Suppose C. is equal to 


vA 7 
then for the values given in the example aboveG,.’ = 17 X 10° and the lo 


10,000 cps is about 0.5 db. 


In an amplifier of this type there is some phase distortion at both 
highest and the lowest frequencies which the amplifier will pass with 
appreciable loss. ‘The change in the phase angle of the voltage amp 
tion with the frequen at low frequencies 4;, = tan! G./wC, a 
high frequencies Ou an~! wC./G. The phase shift in 
amplifier, the angle of departure of A, from 180°, is illustrated 
Pig. 10a, is figure also shows how the decibel loss below the 
at the medium frequencies depends upon «wC./G' at the high freque 

aie Hs at the low frequencies, 

. Desi; 


0 ‘0 
0 02 04 06 08 10 12, . 
using the curves of I 


wl iz. 10 to find 
Gr a value of G,’ for the allowable loss a 


: highest frequeney 

Fig, 10a.—Decibel loss and Hs y 
phase shift for resistanco-enpac- determine the me¢ 
{tance coupled atmplifier. 


the tube handbooks and manuals must be increased by 3 to 
include tho interelectrode socket and other stray capacitances excep 
the electrode that comes out the top of the tube. 

‘To determine t ize of the coupling condenser C for a preas 
apepcuee at the lowest frequency, it is necessary at this point in the d 
to fix the size of Gy», or Ros, and Gs, or I». ‘The following considerat 
are pertinent to fixing the sizes of these resistor It is always 
use as small a coupling condenser as possible. Hence, because of th 
that @ depends upon G2, Ry» should be as large as possible but, should 
exceed the maximum recommended yalue given in the tube table 
any event the product of RysC should not exceed approximately § 
because of the tendency of C to become charged from a very small 
current and thereby cause the grid bias to become shifted, “For 


value of Go + Ga, and this is fixed when Gy is fixed for a given tube! 


well to make 2, somewhat higher than the plate resistance rp: to 
distortion if the tube is worked very hard. On the other hand, Re 
sumes d-e voltage which must be supplied by the plate-voltage soum 
10. Impedance-capacitance Coupled Amplifier. Under this cla 
tion of multistage amplifiers would fall almost any type of 
except transformer coupling, Resistance-capacitance coupling 
special characteristics and is therefore treated under Art: 8. 
accepted types of the classification herein discussed are the two 


in Figs. 11a and b. The type shown in Fig. 110 is sometimes ¢# 
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{ouble-impedance coupled. These types have frequency cnaracteris- 
ies inferior to the resistance-capacitance coupled amplifier but possess 
some other advantages. For example, it requires less B supply voltage 
to give the same plate voltage because of the much lower d-c voltage 
drop in the plate circuit. By a double-impedance scheme the gain at 
the low frequencies can be made higher than the gain at intermediate 

This is sometimes useful in frequency-response equalization. 


(a)-Tmpedance-Resistance (b)-Double Impedance 
Capacitance Coupling Capacitance Coupling 
Fig, 11.—Impedance-eapacitance coupled amplifier. 


For the type shown in Fig. 1a the voltage amplification for stage 1 at 
medium frequencies is 


By waRos 
a8 Be 2 rot + Re (10) 


fh which Gyr = wx/rev and Gor = 1/rp: for the tube of stage Land Gyr = 1/Ryr- 
in some cases wessary to add the core-loss conductance for Le to 


it may be 
Gx. The voltage amplification ut low frequencies in terms of Aw is rather 
tivolved. It is 


Tort Rostw?C 


When CS 0.05 uf and Rs S 0.5 megohm and f S 50 eps, this equation 
lucos to 


f. 1 roRy 
“I toma + 


(22) it is seen that there is « loss in amplification at the low fre- 
‘The loss in amplification in decibels due to insufficient reactance 
¢ Le. is equal to 


20 loge yi +oz 


T® curves in Fig. 21 in Art. 16 may_be used to get the relation between 
1 8nd ryiRy2/(rer + Re) for a given decibel loss at 50 eps by substituting 
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Resistaxce-courtep Amprirmen CHart 

RCA Receiving Tube Manual 
= blocking condenser in pf Re = cathode resistor in ohms 
= cathode by-pass condenser in vd Rd = screen resistor in megohms 
= screen by-pass condenser in yl Rg = grid resistor in megohms 
= plate-supply voltage in volts Rt = plate resistor in megohms 
= voltage output in peak volts V.G. = voltage gai 


Tox for Lm and ryifea/(rpi + Rees) for R. This holds true as long as 
is not less than 0.5 db. 
At the high frequencies the voltage amplification, Ax, is 


ively. 
‘087, and 6B8, respectively. 
which C; is the effective capacitance due to the tubes (see Art. 
distributed capacitance of the choke, and Ge equals Gy: + 
ductance 1/Re due to the core loss of the choke. The relation betwe 
and G, at 10,000 eps is the same as that given by the curves of Fig, 10, 
explanation in Art. 8 for extending the range of the curve: 
‘he type of amplifier illustrated in at? 116 has some interesting char 
cr 


teristics. The medium-frequoncy amplification is Aw = ji, neglecting | 
core losses of the two coils, For the case in which w/s: is several t 
Riga and is at least three tim 
7 the amplification per stage 
6 frequencies in terms of that 
3 dium frequeney is 
4 
3 
2 
1 
ty) ‘ 1 
gl y Whore se = Ene 
A ies 
Ye Qa + Ra 5 
4 = Using the medium-frequency 
See eee 28 3035 Ag the reference and plotting 
Fia. 12—Low-frequency characteris- 


tic of a double impedance-capacitance 

coupled amplifier. 
: As pontode, see 617; as triode, see 6C5, 

as ordinates and f/f, as absci ralu F EG (ano tricderanity?, 

result. These curves explain the characteristics of this type of 

and furnish quantitative information on how to fix the values of Lys 

for a particular performance at the low frequencies. At the fr 

the gain, or loss, in decibels is equal to 20 logio Q. ‘The curves also sl 

the gain, or loss, varies with the frequency f for # particular case. 

distortion at low frequencies would be very bad for an amplifier of this 

‘At the high frequencies the amplification per stage, Au, is 


An = TF Cr Te 


where G.! = he plus the conductances due to the core losses in the 
chokes 4 

Ce = Cour + Cont + Cort + Coa(1 + JAcz!) plus the effective 
tributed capacitances of the two chokes. i 

‘The quantitative relation between C. and G for different decibel lo 

10,000 cps can be obtained from the curves of Fig. 10. (See explanat} 


Art. 8 for extending the ranges or finding values at another frequency-) 


370 THE RADIO ENGINEERING HANDBOOK AUDIO-FREQUENCY AMPLIFIERS 871 
GES, 6F5-G, GF5-GT: Seo 05) 

GS-6 (one trots unio’, 6)8, 6J8-G, 6J6-C7, 1238-07: 

Ebb 90 180 | 90 | 180 300 


0,05 | On 


On 


Re | 0.05 | 0.1 


0.1 | 0.25 | 0.5 | 0.5 | 0,1 | 0.25 
2,80 | 2/880 | 3,380| 7,000] 1.370 | 2,440 


2.19 | 1.85 | 1.15 | 0.62 | 2.96 | Vag 
0988 | 0.012 | 0000) 0.007 | 0.084 jo. 1a 
| 


34 | 38] 30 | 51 


1 
Mw} 4] 4] uM] 


1 See 6F8-G, 


GT, 6WT-G, 12J7-GT, 6C6, 57: As triodes, see OC 


0.1 | 0.25 | 0.5 


Re ino | 4.200) 4,790 
Co AG | dt] a 

c (0.0115 0,000 
Bot 46 | 50 | 
V.G." 1m | 12 | 


GNT*, 6N7-G", GAG, 63: 
Ebb 90 180 | 


Ru | 0.1 | 0,25 


Ret | 0.25 | 0.5 1 | 0.25 1 
Ret | 2.250 | 4.090) 8 00 | 6.600 | 3-00 4 
For | in’ |°ap” ae eee 0°05 [0. 08 0029 
va) 19 | 22 22 40 S 


Oke | 18. 


© At volts ramas. 
t Values for phasy 


For other marks seo p. 360. 


verter service, ‘output, 


output. For other marks see p. 369, 
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Scr, 19807*: er7-G: 
Ebb 9 180 bb 90 | 180 ‘ { 300 
La PRR RE Ty ey era 2 | 0.5 | 0.1 | 0.25 | 0. 
Re | 0.1 | 0.25] 0.5 | 01 0.25 0.5 | 0.1 | 0.95 ‘died alo ©. 5 
ie | es —|——| ws 
| 0.25 | ] i> 0.25 | 0.5 1 1 | 0.25 | 0.5 1 
Re 123 | 2 | 1 1 | 0.25 | 0.5 4,750 | 8,300 5,920] 9,440 | 2.400 | 4,80 | 8,200 
é 2,400/ 3,420) 980. | 1,680 5 | 1 Y.11 | 0.74 | 2.55 | 1.35 | 0.82_ 
Soe 02008 | 05008 | 0.014 | 0006 0,012 10.0075, 0005 /0.6045)0.0135/0. 0075 0.0055 
Vv 82) 32°) 50 | 36 7.8) 10 30 | 39) | 5S | 69 | 77 
21> | 806 B8e | Ate | Bae | 40e | ade 


0:703 
n 135 0.0035) 
16 1 | 38 
ao | 33 | 31 | 35 | 38 | 39 | 40 


2.63, 
0.012 
62 
34 


90 130 ] 300 
0.25 | 0.5 | 0,1 | 0.25 | 0.6 | 0.1 | 0.26] 0.5° 
\— Te ene - 

0.5 0,25 | 0.25 | 0.5 1 1 0.25 | 0.5 1 

4,250) 6, 1,250 288i 2.750) 4,100 1,000) 2,050) 3,600 
0,006 0.02 | 0.02 | 0.01 | 0.005 |0,0035) 0.01 |0.0055) 0,003 
0.7 | a7 | ao | 40) 30) 87 66 75 

38 ar | a7 | at 


ae | a“ | ot 42 46 
6SQ7, 12807, 2A6, 6B6-G, 


Ebb 90 ] 180 

0.1 | 0.25 | 0.5 ot | 0.25 
Ret | 0.25 | 0.5 0.5 | 4 
Re | 6.600 11,000 16.600, s 
Co 1.7 | 1:07 | 0.7 | 4? itn 
€ | 0.01 | 0,006 | 0.003 | 0,007 | 0,00: 
Eo | 5 | 7 | 10 23° | 38 
V.G0) 20 | 40 | a4 50 | 53 


» At volts r.m.s. output. A : 
*At4 volts rm.a, output, For other marks see p. 369. at Yale ramas outputs 


4 volts rm.s. output. For other marks see p. 360, 


374 THE RADIO ENGINEERING HANDBOOK Sec. 12] AUDIO-FREQUENCY AMPLIFIERS 375 


11. Desi plifiers. ' In thi diagram the symbols shown represent the following: uE, 

cation of tl p soltage geverated in the tube source and rp is the plate resistance of 

Mure. a, and 2, are the primary and secondary winding resistances. 

7, and ‘a are, the primary and secondary leakage inductances. “These 
fnductances are due to the magnetic fluxes that link with each c 

the other, 1.2., the fluxes that are not mutual to the two coils. 

Cand 6, ve distributed capacitances of the primary and 

is the effective mutual capacitance between the 

may not be present in certain transformers. Sometimes Cm 

ited nature and difficult to estimate. Cz is the input capaci- 


tubes havin oa 
can be sacri in gain 0 P a 
the require ing inductance and core-loss resistance of the 
transformer. The magnetizing current and the equivalent core-loss current 

of transformer are nearly proportional to the induced voltage. 

L, and Ls are fictitious inductances necessary to transfer the current and 
voltage to the load and to provide the proper phase change from primary 
{o secondary. The phaso of the secondary ‘voltage with rospoct to the pri- 
mary is important when the mutual capacitance C. is equal to, or greater 
than, 25 per cent of C. and Cz. The ratio of the primary turns to the 
secondary turns is equal to VL;/Lz. ‘This ratio is called N, the ratio of 

1 Y After Ros is fixed, the value of Loy transformation. 
determined tentatively by the use of the curves in Fig. 20. For 
Purpose A on the grapli becomes reiRys/(roi.+ Ry). ‘The last ste 
to determine C such that the loss due to it is not more than 0.25 
In some eases it may be necessary to check the results by applyi 
‘or tubes that have high plate resistance, the design procedu 
about the same as the above except it may be necessary to work b 
and forth from h-f consideration to Li consideration in order to obt nlp 
the desired characteristics. Fic. 18.—Equivalent circuit of a transformer-coupled amplifier. 

In desi ng an amplifier ofthe type shown in Fig. 116 the 
procedure is the same as above. In some cases the medium-fre 
Suse mn may be less than yz: because of the core losses of the 
chokes. These core losses are equivalent to two i r 
from the grid to the eathode of tube 2 and their effect is similar t fe 

ig. 1a. . 

h 


In Arts, 14 and 15 i shown how the equivalent circuit is modified in 
order to simplify matters. This simplification is possible for a transformer 
which is intended to cover a range of frequencies like 50 to 5,000 eps and when 

variation in amplification over the range is not more than 6 db. 


13. Calculation of Transformer Constants. The material under this 
ng example will illustrate how to apply Eq. (14) and t Article applies to both interstage transformers and impedance-matching 


. 12, The plate resistance rp, of the tube is 10,000 ttansformers. ‘The most important constants required in a given design 
the allowed resistance for Rzyz is 1,000 ohms, and the desired gain 4re the magnetizing inductance L, and leakage inductances L, and L,. 
50 eps is 3 db over the gain at medium frequencies. From the ‘The magnetizing inductance L» is given by the expression 

of Fig. 12, Q must be 1/2 to give the desired gain. From the express ON 3; 

for Q, Le in henrys = 4710° on, faz) (16) 


In =Q 


Ly, is equal to 11,000/2r50 which gives 35 henrys. The size of # 
coupling condenser is given by C= 1/ay#Lys and is equal to 0.29 
412 The Equivalent Circuit of a Transformer-coupled 

The complete equivalent circuit of one stage of a transformer-e 
amplifier comprises the plate resistance of the tube ahead of the 
former, the input capacitance of the tube after the transformer, #! m H 

the equivalent circuit of the transformer itself, Figure 13 illu in”, be available curves of ur plott 
the complete equivalent circuit for one stage. This circuit does 00 Sega! ‘ 
apply to all types but represents the condition quite accurately foF ‘ular magnetic material. 
great many. * See also See, 2, article on Magnetic 


(roi + Rigs) 
er 


is the number of turns on the primary; u, is the relative perme- 
if the primary carries d.c., ur is the apparent incremental perme- 
re net area of the core in square centimeters and / is the 

f path in centimeters. When A is not the same for the 
ce must be calculated from 


ireuit. 
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‘sec. 11] 
‘The leakage inductances Ly and L, depend upon the configuy 

of ‘the windings. These inductances are due to the fluxes that Ii 

with one coil and not the other. For the type illustrated by Fig, 

2 

{(o. +d; + 20,1! 


for an interspaced winding of the core type, i.e., one in which one coil 

preach leg is placed between the two halves of the other coil of the same 

Jog, the loakage inductance is approximately one-fourth the value given 
(18a). 


“Yor interstage and impedance-matching transformers the core losses 
under most ordinary circumstances are usually small compared to the 
copper losses, but for the sake of completeness the expression for the 
tore-loss resistance Re is given. It is 


16m, 1 
Ly = Ly + NL, = Hy + 5(De — De) 


+ [5 + do +20. + D»|ot 
where Di = Dy + Dy + Do. 
_ Por an interspaced winding of this type 
is placed between the two halves of the ot) coil, Ly + 
mately one-fourth of that given by Eq. (17). 
centimeters and are indicated in the figure. 


R= (19) 


where Ke = Yotal core Joss Pet CC at the operating conditions 

B = flux density in gausses. 

it is assumed that the hysteresis losses as well as the eddy-current 
losses are proportional to B*. It has been found by the author that the 
hysteresis losses at low flux densities are nearly proportional to B*, but 
somotimes the exponent of B is even greater than 2. 


(a)-Low Frequencies (b)-High Frequencies 
Fig. 17.—Equivalent circuits of a transformer-coupled amplifier. 


‘The distributed capacitance of transformer windings is due mainly 
to the layer-to-layer capacitances. ‘The effective capacitance of a wind- 
ing is approximately equal to the capacitance between the two mean 
layers divided by the number of layers, In most casts the layers may 

treated as parallel plates having a dielectric equal to, thickness of 
Paper between layers plus 2 times the thickness of the insulation on 
the wire, If the dielectric constants of the paper and insulation are 
Much different, they must be treated accordingly. 

14. Theory of Transformer-coupled Amplifiers. ‘The characteristics 
of this type of amplifier are best explained by dividing the frequency 
tinge into the low frequencies, the medium frequencies, and the high 
ejuencies. The equivalent circuits of Figs. 17a and 17) apply to 
the low and the high frequencies, At the medium frequencies the core- 

resistance R, is usually so large compared to rp + Rp + N*, 
that the voltage amplification per stage, i.¢., )2/Ny: — Aw is practically 
qual to w1/N. Hence 20 logio (u:/N) will be used as the reference level 
fn decibels, and the performance at the low and high frequencies will 
be termed a loss, or gain, in decibels measured from this reference level. 
At the low frequencies the magnetizing inductance is effective and 
¢ |-f amplification Az, in terms of Aw, is 


Fia. 15, 
for a transformer, 


The leakage inductance for a winding of the type shown in Fig. 
approximately 


y= Lp + NUe Mane | Pr +d + (B+ + »)] 


For an interspaced winding of this type the total leakage indue 
is approximately one-fourth of the value given by Eq. (18). 

For a core-type transformer as shown in Fig. 16, in which half of 
primary and secondary is wound on two opposite legs of the cor, 
approximate expression for thesleakage inductance is 


the 


8rN 2 
In = Ty + Nida = SV (Dy + Da + Dad + MDE — Dit) Fee penis hres (20) 
1 (ep rake | 
4: [jo + Ds) + 2D. + pst oe vi a lat Ret hy + a 
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The loss at the low frequencies dus to Lm is when «Lx/Ry is approximately equal to 1, ‘This can be accomplished 


jo some extent by controlling Z; and C, in the desig 
| When C,, is not small compared to C, + Cz, the voltage amplification 
+ Rp Hr is approximately the value given by Eq. (21) times 


‘This case is so similar to the. one illustrated by the equivalent NO de 
of Fig. 19a for an impedanco-matching transformer that the eurves a ae me 


in Fig. 20 may be used to see the relation between Lm and e+ where N may be either positive or negative in numerical value. N 
Re +1 js positive if the two coils form a single winding in one direction about 


~ (Ry + ro Re 


20 logio W1 + |. 


Bia eo for various decibel losses the common core when connested together at the cathode ends, and 
él eps. In many cases R, is so negative when the windings are in opposite directions. The mutual 
compared with rp: and Ry eapacitance may be avoided by the use of static shields. 
5 es the quantity .15. Design of Transformer-coupled Amplifiers. Usually transformer 
84 | coupling is used with voltage amplifier tubes that, have a comparati 
€ low plate resistance. This is necessary to obtain the desirable char- 
$3) acteristics at the low frequencies because the magnetizing inductance 
2 i iq given |-f response 1s almost directly proportional to the plate 
Piencs in most cases Isieay resistance of the tube. It is essential also that the d-e plate current 
ip = aot stituted for Ay when mall as possible so that it will not saturate the core of the trans- 
d 2 the curves in Fig. 20 to f The magnetizing inductance L, is the first consideration 
Le fox. given. leesiia in the design of an interstage transformer. The curves of Fig. 20 
21 i e agit . 20 can be ean be used for determining the value of L.~ for a given decibel loss at 
st for any other frequen the lowest frequeney. In the preliminary procedure the core loss ean 
82 mi a ing the ordinates be neglected and #, +75: ean be substituted for Ry in Fig. 20. An 
3 ci and locating L» on the new llowance of 8 to 10 per cent of rp: is made for the primary winding 
oe 06 08 10 12 14 , At the high frequen Tesistance. 
t/t, leakage inductances and ‘The amount of voltage amplification per stage required at the medium 
Fic. 18.—High-frequency characteris pA istributed capacit frequencies is nearly equal to the amplification constant y: times the 
ties of a transformer-coupled amplifier. feet the veltags i of secondary turns to primary turns; in the theory this is ys/N. 
Sabana 6 Oe On dhs ancien Ce eee Practical values for this ratio are 2 to 4. if higher, difficulty is experi- 
oe ot CL plification at the high frequencit eneed at the high frequencies because of the tube load and distributed 
ance of the secondary windings, even though the leakage indue- 
ares) oe sie é is very small. z f 
7 F\. Fit ¢ performance of the transformer at the high frequencies depends 
(1 - i) +a upon the leakage inducta: d the capacitance of the second- 
f SPQ ry winding and tube load, ‘This is illustrated in Fig. 18. For praeti- 
‘The gain, or loss, equals tally constant gain up to any frequency fy either the frequeney f, must 
at least two times f, or else the winding must be so designed that 
i7, PP $= f, and the quant Ly/Re = Q, is approximately equal to 1. 
20 logs VO = a) ry Roe Interspacing the windings of a transformer, placing one winding 
FP Q tween the two halves of the other, lowers the total leakage inductance 
wher Q; = y a factor of one-fourth but generally results in a much higher effective 


R 
wr = 1//LC, and f, y 


fipacitance. Peers the net result of Intorspacing, is tot to raise 
a ie frequency f, by a factor of 2. Even if f- were rai: by a factor of 2, 
Fa Ada ke rtf Or VEC) the quantity @, might be reduced below 1 at f; and the gain of the ampli- 
R. = ry + Ry + would not be constant up to f,. 
L, + NG inding the transformer like Fig. 15 exoept with interspaced coils 
Corr PC oea(l + |Acal) y reducing the capacitance of the windings, but this is 
the ratio of primary turns to secondary turns ‘Veit ae dade ree j: 
‘The curves of Fig. 18 show how the loss, or gain, varies around, Che theory and design given here apply to input transformers as well 


; #S interstage transformers, ‘The input transformer must be designed 
frequency f- for different values of «L;/R,. ‘The best results are obt ‘or a particular source impedance and a particular tube load. 
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For the high frequencies Fig. 19¢ applies, and the current J in terms of 
Iu is F 
a 


Vi: +R + By 


Thon 20 loge V 1+ LR je is the loss due to the leakage inductanse 
1 + Ri 


In (ay 


70 A A 
= Q 
’ 35 BY i 
Ei ae 
s Be 
330 
20 f=S0eps 
(a)-Low Frequencies (b)-MediumFrequencies _ (c)-High Frequencies 10 
Fig. 19.—Equivalent cireuits of an impedance-matching transform i) 


orz3456789 012 
In the figures Rj is the internal resistance of the souree; Ry and Ry Reg (multiply by 1000) 
primary and secondary winding resistances; L, and L, are the leakage- ‘4 See, 
inductances of the primaries and secondaries; La and Re are the m: Fra. 20.—Loss at low frequeney due to magnotizing inductance. 
inductance and core-loss resistance; and NV is the ratio of primary tui 
secondary turns. 
‘The current in the transferred load resistance at the medium froqu 
used as the reference level, Referring to Fig. 19) and letting Ry = 


R: 


Re = (Ry + Ri) N34, Ry = 


In = Baits + RYTR: 


Tn many cases Re/Re 
For the low frequen 
Iw is 


10 small compared to 1 that Iv = E/(R: + Rid: 
cies Fig. 19a applies, and the current J, in te 


R,+Rg (multiply x1000) 
Fic. 21.—Loss at high frequency due to leakage inductance. 


ee 
Then 20 loge V 1+ ah is the loss due toLm. Figure 20 shows the ure 21 shows the relation between the total leakage inductance 


between Lm and 22s for vations losses at a frequency of 50 eps. For any oll Ls = Lp + Nin 
frequency ‘multiply the ordinates by 50/f. and locate Leon the new 86 


» because of the linear relation between Lm and x, both scales may! And the resistance R: +R; for different decibel losses at 10,000 eps. For any 
changed simultaneously by any factor z in order to provide a more con’ Sther frequency f., multiply the ordinates by 10,000/f., and read L: on the new 
range for Ri. For most cases, since i is several times Rz, the quantity Seale, Also both scales may be changed simultaneously by a factor 2 in 
is equal to R:/(1 + Ri/R:). rder to provide a more convenient range for Ry + Rs. 
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where E, = r-m-s a-c yoltage from one grid to cathode 


i i i i ificati f either tube 
The procedure in d ing a transformer of this kind is to first # = amplification factor of , as 
mine the size of core a pone of primary turns “S order to ob Ha = edie roa slope of a composite /,-E, ew 
value of Lm which will limit the loss to a preassigned amount. Tw 1, = load resistance Rtn ; : 
rocediure it is necossary to allow for the winding resistances Ry sl N= ratio of the tums of one primary winding of the outpu 


transformer to the turns of the secondary manAine: cate 
ig. 23. It is 


‘he expression for Lm is given in Art. 13. The next step is to fix H 
ratio of turns and the Thiber of secondary turns for the desired ‘The power output can also be oad oa CE Pak valu 
of transferred load resistance. ‘The final step is to determine the sty current and plate voltage which are label ‘0 
of winding that will keep the leakage inductance within the limit 
is allowed for a given loss at the highest frequency. 


PUSH-PULL POWER AMPLIFIERS: CLASS A, CLASS AB, 
AND CLASS B 


P, = (Bolo)/2. The distortion can be obtained by plotting the current 
sia end oistanis andl analysing dis curys eoosrdivg-¥e the method 
tiven in a previous section of this handbook. 


Plate Volts -Upper Tube 
200300400 


17. Graphical Analysis for Push-pull Power Amplifiers. ‘The cire 100 £00, 
* diagram of the push-pull type of power amplifier is shown in : a: 
Whenever possible, the power stage Hime ame) 
amplifier should be operated in pu 
pull. ‘There are several advantages 
push-pull operation over a single-end 
power stage. When a single tube 
operated so that the efficiency of pow! 
conversion is reasonably high, the hi YY D 
monies are also high. In push-pull op See 
ation the even harmonics cancel out! 
the final load resistor. Consequ 
for a given percentage of distortion, 
operating voltage can be adjusted 4 
that each tube will deliver more ‘ Ee 
into a load resistor than a similar sin 
TubeB tube will deliver into its optimum lo 
Fic. 22.—Schomatic of a push- in a single-ended power stage. s-} 
pull power ainplifier. The graphical analyses for all thn i 
; classes of push-pull amplifiers are t 
sentially the same, The magnetic field in the core of output tran bon 300 200 0 
former is a function of the algebraic sums of the a-c currents in the Plate Volts - Lower Tube if 
sides of the primary windings. Hence the anal is is the same, 4 Fia. 23.—The composite characteristics of a push-pull amplifier. 
for d-e components,,as though the tubes were replaced bya cinelg Ginee een 
tube which has /,-2, characteristics equivalent to the algebraic su 18. Class A Push-pull Power Amplifier. In the class A pas Pie 
of the characteristics of the two push-pull tubes. ‘These aro enled amplifier a-c plate current. flows for complete 360 deg. of the input cycle, 
composite characteristics of the push-pull unit and aro. illustrated land ‘the rohamstetietion of:the. tase are nearly straight noe hele es 
Fig. 23. Each composite curve represents the algebraic sum of complote range of the a-e plate and grid potentials, | ‘The composi 
LrBy curve of one tube for a grid potential of EB, + AE, and By curves have approximately twice the slope of the separate L-Hy 
IE» curve of the other tube for a grid potential of E. — Als curves from which they are derived. Hence ry’ in Eq. (25) is app 


is the grid bias voltage. ‘Then the load line, which is the load resi 
measured neross one primary winding of the transformer, is drawn 
the composite /,-E, curves through the d-e operating points. Curre t 
values derived From the intersection of composite Toot lige. rut w2BARLN? (26) 
composite Iy-Ey lines are the algebraic sums of the a-c currents il Rest To \t 

the two primary windings. The effect is the same as though all the (ex +? 

current flowed through one primary winding and the source impedane 

were equal to the reciprocal of the slope of a composite J.-E, ¢ 
Hence power output is given by the relation 


mately equal to r,/2 or half the plate resistance of either tube, Then 
for class A push-pull 


lass , in load 
ke A tion gives the best wave form for the current in 
resistor, but the efficiency is lower than that obtained by class AB or 


class B operation. 
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Equation (26) furnishes information for the design of the o 
transformer for the class A push-pull amplifier. Referring to the d 
relations and curves of Art. 16 the generator voltage is wE,, and 
resistance of the source, viz., Ri, becomes r»/2. The transferred Io 
resistance is R,N*, where N is the ratio of turns for one primary windi 
to the total secondary turns, The value of RN? to be used in I:q, (9h 
is equal to one-fourth of the plate-to-plate load resistance which 
usual ry aealiod in tube handbooks as the best value to use for a gi 
tube. lence the allowable values for the magnetizing and le 
inductances can be determined from Figs. 20 and 21. 

‘The design of the input transformer becomes essentially the design 
an interstage transformer which is given in Arts. 14 and 15. To pr 
serve a bilance in the magnitudes and phases of the two secondan 
voltages, the two secondary windings must be kept symmetrical 
respect to leakage inductances to the primary, resistances, and dist 
uted capacitances. If the two voltages applied to grids of the push-pu 
amplifier are less than 180 deg. apart, the net grid-to-grid voltage wh 
will be effective in producing output power will be less than the algebi 
sum of the two voltage 

19. Class AB Push-pull Power Amplifier. In the class AB push+ 
power amp plate current of each tube flows for less than 360 
but more than 180 deg of the input cycle. The grids m: 
be driven positive with resp to the cathode. For this 
the reciprocal of the slopes of the composite characteristi 
where in between r, and r,/2, and the quantity ry’ in Eq. (25) must be 
determined for any particular set of operating conditions. 

The design of the output transformer is carried out according 
Art. 16, where R; becomes rp’ and RiN? is the load im 
must be used in establishing Z, and Z; for each primary winding c 
the two primary windings are carrying unequal currents, care must B 
taken in the position of each primary winding with respect to each othe 
and to the secondary winding. The effective leakage inductance Wi 
always be higher than it would be for the same transformer if both pri 
mary windings were carrying equal and opposite currents for all points 
of the input eyele, 

Class AB push-pull amplifiers may be so driven that their grids 
positive with respect to the cathode. Hence the input transform 
design depends some on whether or not there will be grid current in tt 

secondary during a part of each positive half cycle of the grid vol 
When there is no ‘ecid current, the design is the same as that given for 
input transformer of class.A push-pull amplifier, When there is 
current, the load on the driver tube varies over the cycle goin 
load for a part of the cycle to a maximum load current whic! 
quite a drop in the grid voltage of the class AB tubes, Hence the inp 
transformer must be so designed that magnetizing inductance will be 
high enough for no load conditions and have such, a ratio of transforma= 
tion that the output voltage of the driver tubes will not vary much 0° 
the cycle. The driver tubes should haye as low plate resistance ™ 
possible. Low leakage inductance and winding resistances also help 
reduce the flattening of the crest of the input voltage to class AB tw 

20. Class B Power Amplifiers. For 
and plate potentials are adjusted so that plate current for each tul? 
flows for only slightly more than 180 deg of the input cycle. In 


: B operation the dee grid” 
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i tubes are adjusted, 

| construction the I,-E, charts for the two ' 

an particular set of operating | peer se the eee et polities 
i) warves of the tubes coincide with the eo e TyHy © 

Jt che low values of J, of each tube will be different from their alge- 

fraic sum. Hence in this ease rp’ = rp and the power output is 


Py = tibet RN? 27) 
© (RN? + 75)? 


where rp P nds poner ay abo tis amplitude of 2, and should be 
ermine a medium value of Lo. it oes 
Meier cass B operation each primary of the output transformer cartes 
current of the fundamental frequency for only ers a soe OL the 
input cycle. Hence the effective leakage inductance of a ral genes 
js materially higher than it would be if ota rials aE d 
oqual and opposite currents. ‘The eriterion on leakage it a s 
thoinductance measured across only one primary winding, with, the 
secondary winding shorted. ‘This is the leakage inductances which 
enters into the characteristics of the transformer at : he highe aie 
In the design provedure given in Art, 16, r» is the source resistance 
symbolized by 2, and R,N? is the load impedance, big sere id 
primary side. Zy and Li are ealeulated or preassigned on ig baal 
that only one primary winding is active at a tim * Los io, Berney 
windings should occupy similar positions with Regay Dane nth 
and should be well interspaced with each other ue coe me 
input transformer milar to that, given for AB operat lon. un 
zero-bias class B tubes the design of the input transformer ie oneen aut 
the same as that of an impedance-matching transformer which is trea 
Ha rtags- nd Beam-tube Power Amplifiers. ‘The power sensi- 
tivity and the efficiency of power conversion for pentode sad d genial ioe 
inspower amplifitrs are usually much higher than for ttiod le tubes. . The 
expression for the power sensitivity of a pentode or a beam tube is the 
same as it is for a triode, as given in Art. 6. A method one et oo i B 
the power output an the distortion from the J,-Hy characteris is 
iven in § , Art. 47. “ 
mz ee is pe for pentode and beam tubes: Uae be bash Be “ 
instantaneous plate current does not fall below oy are Ont eke 
e whieh is taken for the grid voltage reached on the pect va ee 
positive half of the input ¢ IF the load resistor is higher than this 
value, there will be serious distortion of the output power. ‘\ his pate 
the load resistor to a value considerably below the plate xs = ae abe 
tubo, Also, if the load resistance is too low, the second aie io aes 
tron wala igh, Comeau Peat ai, contort wih fre 
used only when the load impedance ret TE a uedanes 
quency, or means should be taken to ensure that the oa bmipedtivg 
Yemaing within certain limits when the tube is driven for full p 
outputs "i tubes give much better results in push-pull arenas 
than in single-ended cireuits because of the even harmonic, cance ion. 
Singlo-ended pentode and earn Power, am plifers should incorporate 
generative feedback for the best results. Further points , 
Peking Iyeam tubes are that they have lower input capacitances 
than similar triodes and require lower driving voltages. 


386 
THE RADIO ENGINEERING HANDBOOK s 13) AUDIO-FREQUENCY AMPLIFIERS 387 


22. Phase-i it A q 
ended pease inverter Amplifiers. | When an amplifier requires a leries with the input or the grid cirouit. Figure 26 illustrates degenera; 
it is negassary to derive volte le : wave the output tubes in pu five feedback in its simplest form. r this simple circuit the gencral 
AE Spe eet eee ee the Push-pull grids that aro eq fxpression for the gain of the amplifier is : 
range of the amplifier. ‘This can be done by the use of «trove , 
it i i a e by the use * BE ° " 
ssi ary tetra “yl ad aad ey - 
t ign such a transformer which will have se ae 
ary volts have § 
ry voltages from each end to the center tap that are equal in magnity whore Ay is the vector voltage amplification without 
TubeA and 180 deg. out of phase over ual to B/E, and has a negative real value, and 6 
considerable range of audio fi si oC! << Ry. Aypis called the feed 
cies, Also it is. often desirable: nck factor. The performance of the ampli- 
have resistance-capacitance ‘fer as to reduction of distortion, stability, 
throughout an apt, Phi He depends largely on the magnitude o! 
lished by the scheme 6 fee 
be Bis the phaso-invert hat feedback improves stability is shown 
tubo, Its input voltage is, de by the following example: In the amplifier 
aileaeiter te Othe ae Bruit shown A, ins nogpti i nia 
Tube B ' the phase inverter m yalue. Hence the gain = |Ay|/(1 + |ArlB). i i 
Fis bas Phade-vestak ies ak ae om 8 Por Fe ear asa ita pail OF thal oes eae een 
push-pull amplifier. Ae Pile upper output t amplifier isequal to |A,|/3._ Suppose, owing 
‘ i When af ie sma shown in Fig. fo a change in d-c operating conditions or the substitution of another 
grid resistor and coupling condense, Sl, tubes atv sclf-binaed, tube of the same type, |A¢| is increased by 20 per cent. ‘This will result 
voltage for the phase-inverter tube ie dni not necessary when the in a 6.5 per cent ease in the gain of the amplifier. Greater values 
resistor of the upper outvat taken’ lerived from a portion of the gf for |A.|a will produce less change in gain of the amplifier. When A.6 
It is preferable to derive the grid volt: 5 becomes large compared to 1, the gain of the amplifier is equal to —1/8 
from a point on the plate resistor, 2 paees for the phase-inverter snd is entirely independent of the voltage gain of the tube. 
fesistor of the next tube because tro ea ney renee than from the ge Feedback also reduces wave-form distortion which is due to the non- 
ill vary less with frequet the magnitude and phase of this volta linear characteristics of the tube. 
Aepncten bike Gee aeauency: The prover grid voltage for the ph > nunws 
= Roa/Ay, where Roa is the p B tortion’ output: (with feedback):— Seton 


Iback or is 


R/(Ry + R) 


hout_ feedback 
t feedback (og 
1-Ap ad 


’ 
When the output voltage Zp is kept the same with and without feedback. 
Feedback is applied to different 

types of amplifiers and over one 

ormore stages of an amplifier. In 

any case the equations are of the 

scape tes same forms a Bae. (28) and (20), 
isi > where A, is the vector voltage am- 

tal tones Phater eae plifieation that the portion of the 
voltage is influenced b: fryer, tabo Tube B 0g amplifier controlled by feedback 
tubo stage. pd’ by only ‘one Mio. 25—A. solf-balancing type would have without feedback and 
phase inverter. q Bis the vector ratio of the feedback 


. Since # depends upon A ty 
is adjusted for a give I ar 7 A voltage to the voltage which exists 
y a given tube, lo. 27.—A two-stage amplifier with Ae the higher level point at which 


‘ mu ‘ i 

multiple degenerative feedback. ; reckoned. Feedback must 
be so arranged that A,g has « negative real value over the use- 
ful frequency range of the amplifier and a value less than 1 for 
4ll other frequencies when it cannot be made negative. When the feed: 
back becomes regenerative or the real valu 1,3 is positive although 
hot sufficient to cause sustained oscillations, the gain versus frequenc, 
characteristics, the distortion output, and the stability of the ampli 
Will in general be worse than it is with no feedback, 
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‘The many ways of applying simple and multiple feedback in an be 
are too numerous to illustrate here, Figure 27 shows one of such ef x 1 


for a pnultistage amplifier. For more methods the reader is refe ign ita 
the reference below.' Diet ee and De = % 
24. Power Supply to Tubes of an Amplifier. ‘The design of the Zan has 
supply is not included here. y the things pertinent to the op us - ‘ “ 
etihe amplifier are giventherss > - input tubo of the amplifier of Fig. 29 will be decoupled by a factor 
Filament-power supply whether a.c. or d.c. should have good D  }),Ds, and the expression for the gain of the amplifier wi 


tion. When using a.c., the leads should be low in resistance and scree 
to avoid setting up disturbing magnetic fields. Ey _ gain with no common 
‘or the B supply the importance of regulation depends upo En 1-% Dryn 

class of the amplifier, the class B type requiring the best rog Dos Cam + Zon) 

It is important that the internal impedance of the supply, c! . . 

rectifier, be small at the lowest a.f, as compared to the load imped: A is the gain between the plate of input tube and plate of output 

particularly if the load impedance is somewhat inductive. Hence, in order substantially to climinate the trouble from com- 

When using a common reétifier and also low capacity batteries fo eee Ze apy _ton 
B supply of a multistage arm ‘mon impedance coupling, it is necessary to make 7"AD-— Pp 
cI it. me i *, . 

taken to climinate it. This feed pall compared to 1. This is usually accomplished quite well by making 
effect comes from a voltage 
largely by th plate current of th 
put tube flowing through the i 
ance of the B supply which is con 
to the plate circuits of the finst : 

Fic. 28.—Diagram illustrating of the amplifier. ‘The feedback 

couentn impedance soupling be is illustrated by Fig. 28. Z. re 

ween output stage and ntl d A 

stage from output. pose baleen ae Bae alt Sr 

fier. A is the ratio of the plate voltage of the output tube to the 29.—The use of decoupling circuits in a three-stage amplifier. 

See Ore a oe oe eens ee /A. I the cet shown, he middle tube i decoupled from both 

" > Hed 7 * 4 may not p A 

Then the over-all voltage gain of the amplifier is ing el ud is much more effective than a single decoupling section 


eadanee coupling 


ip y 
Zon gCa=CatCu and Zs = Ze + Z. For a filtered rectifier 
: ; Es mem ; Mec supply the common impedance Z, is the reactance of the output 
Voltage gain of entire amplifier. = —"#— 7=—— r condenser, Some decoupling ean be accomplished by connecting 
l-, individual stages of the amplifier across different points of the 
aks Meine ne be b; 4 by condensers that have react 
ity Z it ve in whe P -bins resistors must y-passed conde! - 
a ere Uren Hgts ta tile voltage gain whet ata fnees {at the lowest frequency to be amplified) small compared to the 


coupling changes the gain and will cause sustained oscillations wl ; 
quantity 25. fication are included 
ZA yn oi is connected to the 


Boalt om + Zon) 


‘The effect of common impedance coupling can be reduced and 
tically eliminated by the use of simple circuits of resistance, or indt pipe 
impedance, in series and capacitance in shunt with the plate sul ampliter tors 
to cach tube, as shown in Fig. 29. These are called decoupling eife Seen 
and the decoupling elements are Cyr, Caz, Rin, and Res. e re 
of the decoupling condensers should be small compared to the de 
impedances at the lowest frequency for which the. amplifier is d 


A Tessas io Eingineerit -, See. 52, p. 248. 
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capacitances shunt the coupling resistor and cause the amplifig 
to decrease with increase in frequeney above the frequency at it. late potential is supplied to the pentode through a 
‘ fective shunt-capacitance si tance is about three tij Se h acts as a very high a-c impedance. The arrange- 
combined conductance of the coupling resistor and plate cond: at i in Fig. 32. The full gain of the tube is obtained only 
jane ons common fault with many of the direct-coupled am ya load of very high impedance. 
when used for d-e work is instability. Small changes in the filam 1. Dynamic-coupled Amplifier.’ A dynamic-coupled amplifier is one 
plate-, and grid-supply voltages cause false results in the output d Fphich two tubes. are coupled together as shown in ig: 38. ned 
ving low-frequency ac. this particular charactersstie ment the input tube operates with negative grid bias, whereas 


Another common objection is the nature of the y e output tube operates with positive grid bias and therefore draws 
and filament-supply volts ad current. This grid current becomes the plate current of the input 
i tube, or the input impedance of 
of direct-coup z the output tube becomes the load 
rs that have been pro impedance of the input tube. 
are too numerous to dias . Moreover the load impedance of 
One type which seems to b 2 — the input is all connected between 

of some of the bad feats E 

merated above is a 


cathode and grid return. Hence the input tube has degenerative 
dhack, and its output voltage £,. (which 1s also the input voltage to 
output tube) is 


ere j and rp: = amplification factor and plate resistance of the input 
tube 
input resistance of the output tube. 
‘oupled ampli rig. s schome of coupling gives satisfactory results only when rp: and Ii» 
ena ealeer pend upon By: and Ey. respectively ch a Way that io/rp 
y tantially constant over a complete eycle of E, The output power 
‘stem depends upon E,. and the output t ey and load. Because 
i 0 output tube is operating with the grid positive, the characteristics 
ampli h phase d load conditions for a triode are similar to those of a pentode instead 
for single-ended input. & triode with neg: bias. : 
' Usually the grid of the output should be connected through a resistor 
% the cathode in order to prevent high transient voltages during the 


tion in Amplifier Sys- 
‘ible to design mul 


roper operating grid potentials. kinds of input and output 


figh-gain Amplifiers. Ingenious metho he 
proposed by Schmitt! for obtaining practically the et eae 
voltage amplification from a high-mu pentode such as the 5 

1Scusnrn, Orro H. A., A Method of Realizing the Full Amplification 


High-mu Tubes, Res. Sci. Inst., December, 1933. {Srnownyen, C., General Theory and Application of Dynamic Coupling in Power 


Design, Prov, I-R-E., 1007, July, 1936. 
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geo. 11) 


or each stage thereof a response which is constant over the ‘ F Ri +R: 
frequeney-band which is transmitted between the source and Gain, or loss, in db = 20 logie —p—= 
One or more stages of transformer coupling of proper design ean b 
to accentuate the gain at the high frequencies, This can be do For the full-line position of S; the resistance Ry must always be small 
making the @, factors of the transformers large and their resonag fompared to the input impedance of the equipment under test plus 2. 
To get the true gain, or loss, characteristic of a » of equipment. as 
jt is actually used, it must be terminated as used and the termination 
included in the test, For exam- 
io , and R, represent the input 
gnd output resistance of the am- 
fier under test. ‘The 


impedance coupling which is described in Art, 10. Condensers sh also be any kind of impe Amplifler or 
across a portion the plate-coupling resistors in a resistance-cap When testing an aaa inter- Spellee of 
coupled amplifier will result in higher gain at the high frequencies stage transformer it should be Under Test 


ut the low frequencies. ninated in the tubes for which 
With most of the standard coupling methods, such as transl Be ntendedics Gate must also 
resistance-capacitance, and impedanee-capacitance coupling, it ism ho taken to limit the voltage ap- Pia, 34—Method for making frequency- 
easy to control the gain at the medium frequencies without plied to the equipment to the response measurements. 
the gain at the low or high frequencies, In other words the me ‘proper value, 
frequency gain can be made greater or less than the gain at the le 80, Measuring Distortion in Amplifiers. The simplest method for 
high frequencies only by designing for lower or higher gain at measuring the total harmonic distortion in the voltage across the output 
high frequencies. A series cireuit of resistance, inductance, and ¢ impedance in a power amplifier is shown in Fig. 35. For a given voltage 
tance connected between the grid and cathode of one or’ more impressed upon the grid of the amplifier, the vacuum-tube voltmeter 
can be used to lower the gain over a small range of frequencies is made to read a minimum by adjusting slide C of A: and the mutual 
medium-frequeney range. For such an arrangement the reducti¢ inductance M. Then the reading of V.T.M. is a measure of the square 
gain at the resonant frequency of the cireuit depends upon the foot of sums of the squares of all the harmonic voltages across Ro. 
of the circuit, and the hand of frequencies over which the gain is re Mutual induetanee AM provides for a phase shift from 180 deg. through 
will depend largely upon the total effective resistance which inel the amplifier tube. ‘The yacuum-tube voltmeter must be as nearly 
plate resistance of the tube immediately preceding the series cireuill an r-m-s meter as possible. The 
Variable gain control for the high frequencies, which is comt source should be reasonably free 
Known as tone control, is xecomplished in its simplest manner by. from harmonies. Switch 8 pro- 
of a variable resistor and a fixed capacitance in series, both of whie 2 vides for measuring the total a-c 
placed in shunt with the coupling clement of one stage of the a "7 voltage neross 2, when V.T.M. 
na similar manner’n variable resistor and a fixed inductance in & has a mfltiplier to extend its 
will serve as a gain control for the lower frequencies. ; p range. A vacuum-tube voltme- 
There are so many combinations of methods which may be en nf ter, using a type 56 or 76 tube 
to give frequency-response equalization in amplifier systems and (0. \ and operated over a re 
any desired frequency response that it is impossible to cover all of which the square root of the plate 
Among these are the use of low-pass, high-pass, and band-pass fi F current plotted against grid volt- 
nits Which are treated in another section of this handbook. sa i age is’ nearly a straight line, 
reuit for measuring distor 154s an excellent meter-for this 
Dele Behe ae ed When it is desired to. know th irate harmonies in, the output 
S * , Whe desired to know the separate c e. uv 
, 29. Frequency-response Measurements. A universal a § mpedance, a voltage avin a frequency nf almost equal to the harmonic 
of equipment for making gain, or loss, measurements over & *light may be introduced into the connection up to contact d, as illus- 
of frequencies is shown in Fig, 34. The method is simply one of ‘ited. ‘The voltage of nf will be equal to the particular harmonic 
ing the ratio of the output voltage to the input voltage. A ¢ Voltage when the swing of the needle of V.T.M. is a maximum. The 
potential divider or two calibrated resistors R, and R2, so & ‘Asuirements may be carried out by means of a laboratory oscillator 
that ; plus R; is constant, facilitates in making these ure: for ny and some filtering for the voltage obtained from the 60-cyele 
For making gain measurements, S; is thrown in the position ind Tighting circuit for J. 
by the full lines; for loss measurements in the dotted-line Pp? ‘or the mort réfined measurements of distortion there are various 
When the divider is so adjusted that the reading of the vacuum Mes of wave analyzers on the market. ‘These have a wider range of 
voltmeter is the same for the two positions of Ss, “pplication than the simple method described above. 
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31. Measuring the Impedances of a Transformer and an 
Reactance.' One of the simplest metheds for measuring the im; 
of an ircn-core reactance at low frequencies and preferably the 

of 60 eyeles is illustrated in Fig. 36. The eireuit is 
when necessary, so that d.c. can be sent. through the iron-core: 
When 2, is so adjusted that the reading of the vacuum-tube volt SECTION 12 
is the same for both positions, 

4, of switch S, the absolute RADIO-FREQUENCY AMPLIFIERS 
the impedance Z, is equal to Ry 
vided 2, is at least 20 times R.’ By R. S. Grascow, M. 8.! 
error is less than 5 per cent. Off 


it is necessary to 1 amplil 1. Class A Amplifier. Amplifiers are divided into three general 
RL Re lasses, A, B, and C, depending on the type of service in which they are 
essential that, the vacuum to be used. We z 
oo cradiplinen bs chee "class ‘A amplifier is one which operates so that the plate output 
Fra. 86.—Cireuit for measur false readings may result if the wave shapes of current are practically the same as those of the exciting 


ing the impedance of iron-core 


: places too much stray shunt cap grid voltage. 


across Z.. ‘This is accomplished by operating the tube with sufficient negative 
The method of Fig, 36 may be used for measuring th grid bias so that some plate current flows at, all times and by applying 
of the primary and secondary of a transformer. an alternating excitation voltage to the grid of such value that the 
of course, to obtain the resista: and reactance sopa dynamic operating characteristic is essentially linear, The grid must 


method. “Methods that place the standard resistance sori not go positive on excitation peaks, and the plate current must not fall 
Ge un require balancing the voltage drop acon, ga Cha aaa sgh ox minimum Yo caus distortion doo to curvature of the 
Z, Sor the same current are objectionable except for quite low characteristic, ? a it 
of impedance. By such a method the d.c. through and ac The characteristics of class A operation are freedom from distortion 
across Z, are disturbed while adjusting f and relatively low power output. Practically all a-f ampl 

It is not generally safe to use the method described to me ated in this manner. Radio-frequency amplifiers of the type use 
loakage inductance of a transformer. Leakage inductance is meas Teeeiving sets to amplify the signal voltage prior to detection are also 


by shorting the secondary and measuring the i Of this class. 2 . ry i 
‘enerally this measurement requires an indu oF tho Class Band C amplifiors will be discussed under Power Amplifiers, 
the high value of R compared with X. 2, Radio-frequency amplifiers for receiving sets are usually classified 


0 alto Art, 20, 8x0. 2 as to the tyfe of coupling employed between stages. ‘This coupling 

1 Seo also Art, 29, Seo. 2 Means can pee resistance, an impedance, a transformer, or any ecto 
° n of these elements. The circuit constants of the fours ling means 

thay be adjustable or fixed, giving rise to a further classification of a 


lined or an untuned amplifier. In the latter the cireuits are similar to 
8° employed for a-f amplifiers. Special precautions must be taken 
in the circuit design if uniform ampl nm is to be obtained over an 
®xtended range of frequencies. te : 
. Resistance-coupled Amplifier. This type of amplifier is occasion 
ally used where uniform amplification is desired over 2 moderate band 
4h the lowest: range of radio frequencies. In Fig. 1 the output voltage 
Bs is given by 


(9) 


here v and r» are, respectively, the amplification factor and plate resist 
© of the tube used. Defining the voltage amplification per stage A 
®S the ratio of the output voltage to the input voltage, we have 
Ez __ why @) 
ae Ei m+ 
‘Professor of Electrical Engineering, Washington University, St. Louis. 
895 
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As Ry is made very large compared to ry the value A approaches y i f the pl: ent ip i 
limit, ao that tubes having a large value of m are necessary if Tease Beccquently the alternating component of the ae awen ty. oe 
Tega APE te beret peerage feally independent of the load in the plate eireuit and is given by 
impedance of the next stage which is shunted across Zt is enor i, = QnE (5) 
large, so that A, is not appreciably reduced as a result of being c. 
3 ¢ here @» = transconductance of the tube. , 
By Sue ne tiga aa oe sine wi He. 3, Ris the equivalent resistance of the loud in the plate circuit? 
yt (Bical cascade amplifier as shown in Fig, 2, Rs is in effeet sh and C15 the total ca shunted across the load, consisting of the 

by the grid leale 2 in parallel with Cy, the input capacity of tam fnput capacity C, of the subsequent stage, 
ne reactance of the blocking condenser Cy in series with them is hs the output capacity of the first. tube, 
ligibly small in comparison, For frequencies lower than 500 ke, fis the stray capacity of leads, etc., to 
nd. ‘The expression for the voltage 

Amplification will be 


nk 
j A= == (6) 
4 fe VoCR +1 
iain When the frequency is such that Fi. 3.—Resistance-coupled 
4s R=1eC pentode amplifier. 


the denominator of Eq. (6) will be numerically equal to +/2, and the 
amplification will have fallen to 70.7 per cent of its I-f value, or a reduction 
of3db. The frequeney at this point is 


Fra. 1.—Resistance- Fie. 2.— arene eens 


pacity coupled 
coupled amplifier. cascade amplifier. 


lifer. 


ure resistance in its pla C, may be regarded 2s cons 
Hiaaphadanbar thatieggency, emt Weiter eee ee it 
f= one @ 


Cy = Cur + Ci(1 +") 


t+ and is a convenient relationship for design purposes, ns it catablishes 
= ci . aximum frequency the amplifier will transmit without serious loss 
Tbecel Fer ce nepal a Depreevast sua nian ain Tt corresponds to the cutoff frequency of a low-pass filter. 


» = capacity between grid and plate. upper limiting frequency may be extended by using a low value 
: of resistance in the plate circuit so that the reactance of C is large in 

lowever, this will reduce the amplification over the 

fo is to be | or 2 Me, R will per- 

is difficult to secure a value of C much 

juently a gain per stage of from 5 to 20 

using pentodes having a transconduct- 


B:=—> = Pxpressed as 
Ltr + jaCore Ano (8) 
‘This expression assumes that the reactance of the blocking conden Vi cr i 


is negligible at these frequencies 

. Resistance-coupled Amplifier Using Pentodes. The constant 5. Compensated Resistance-coupled Amplifiers. From Eq. (8) it is 
available triodes. render them very unsatisfactory in resistanee-c0 mn thatthe gain gradually falls off as fe is approached, which may 
Hef ag rebel and suitable pentodes are accordingly used. ‘These indesirable, particularly in video-frequency amplifiers for television. 
aes sac bas core ty which is substantially inde dent, of the One method of diminishing the shunting effect of the load-circuit capacity 

ind 1s com) of C, is cap i er size it ‘i vi ‘ire 

between the control grid and the serech grid. Accordingly a ee oot tae 
smaller value of C, can be obtained than with a triode. , 1 The value of this resistance is R = ee but in pra 


Ty in rf pentodes is usually in the vieinity of a megohm, wl a 
greater than the plate-load impedance retiioh San bet ae fully than Rs, so that the value of plate-load resistance Ry may be substituted for R in 
Mort cases 


Ryis usually very much 
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Joad resistance 7, as shown in Fig. 4. At low frequencies the 

of L is small, and the load impedance is essentially equal to Re 
as the frequency increases, the im) 
of the branch R + jul becomes 
sively greater, thus tending to 
shunting effect of C. 


‘The plate-load impedance is given by 


R + joll — C(R* + wh) 
% = SCR $ ALC = i 
and it may be shown Mia by mi 


Tia. 4.—Compensated resist- reactance of the coi ual to half 
ance-coupled amplifier. resistance & at the limiting frequeney. 
will substantially be constant in tha 
and equal to R. ‘The gain will be approximately g,J? up to a frequeney for frequencies above resonance. To avoid fi 
The required relations are is, it becomes nooessary to use a value of choke» 8": 


coil inductance such that resonance occurs somewhat below the hae 


1 
Rei Safi = seh frequency to be amplified. This value of inductance is governed chiefly 
mar 2 . by the input capacity of the next tube which may be of the order of 10 
Substituting Eq. (10) in Eq. (9), the load impedance becomes to 20 wf, depending on the type of tube used and the nature of the load 


inits plate cireuit. For this reason there is little to be gained by reducing 
the distributed capacity of the coil if it is already small compared to the 
tube input capacity. At broadeast frequencies the value of inductance 
thus obtained results in too low a reactance to give good amplification 
for frequencies much below resonance. 


tune Amplification 


fatale 


| 
"BOO 300 1009 T0010 THO HO 0 
Kilocyeles 


Fig. 6.Amplifieation of a choke-coupled amplifier tube. 


the circuit constants mentioned at the end of Art. 4, L. will 
the vicinity of 25 4h. Additional compensation methods are described 
reference below." 


6. Impedance-coupled Amplifier. ‘The simplest amplifier of this 
merely employs a choke eoll in the plate cireult as shown in Fig. 5. 
voltage amplification per stage in the case of a triode is given by 


Ree This is illustrated in Fig. 6. ‘The coil used was a single layer solenoid 

Ha em ee loscly wound with 173 turns of No. 28 wire having an inductance of 
BV rp + Ri)? + tly? 163 10" henry and about 10 ohms d-e resistance. The distributed 

fapacity of the coil was 3.5 upf.. ‘The curve shows the measured ampli- 


where Ry and Ly are, respectively, the resistance 


Pa . 
henrys) of the choke coil. If the resistance of the coil is small com festion' using a Western Electric 215-A “peanut” tube which had an 


‘mplification factor of 6.1 and a plate resistance of 22,000 ohms. The 


to its reactance als and to the plate resistance r,, Eq. (13) becomes put capacity of the yacuum-tube voltmeter which used a tube of the 
mute ‘ine type was 18 upf, including leads, which lowered the natural period 
-_ “tf the choke coil to’850 ke. ‘The lower curve shows the theoretical 
Vre* + wth? tRplification that would be obtained if these shunting capacities were 
nt. 


ae sft pea Analysis and Design of Video Amplifiers, RCA Ret., pP- 
pee * Fats and Jexses, Bell System Tech. Jour., 8, 187, April, 1924, 
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7, Tuned Impedance-coupled Amplifier. Since the coil in type are seldom used today as the grest majority now use the 


circuit will be shunted by some capacity which will cause the rheterodyne circuit. However, most of the better receivers of 
tion to have a ant frequency at which the amplification wi latter type employ a stage of t.rf. ahead 
maximum, the circuit of Fig. 7 is sometimes used in receiving the first detector. In its original Soy iF 
‘This form of circuit, with various modifications in the details, h is still used to some extent in some of IM ts 
monly used ag the coupling means between amplificr stages in ¢ short-wave bands of an all-wave re- ~ 
transmitting circuits, The condenser C' is not usually variabl , the primary coil L, in F Rs H 
in low-power transmitters, ductance than the secondary h. Ep 
is accomplished by va . rondary inductance for a frequency range iS 
of taps on the coil L. i 1,600 to 550 ke. is ordinarily from 200 to ni 
ment of inductance is provided D uh. 4 Fie. B.-—Taned trensfonion: 
form of a heavy copper oF ally Since the resistance Ry and the reactance wl» coupled amplifier. 


disk which acts as a sho ‘i be neglected in comparison 
secondary of a single turn and whi Be re crocs ol the tobe, te wtltags Bh excont the elecadiaag’ al 
be rotated within the coil. By yy frequency is 


the plane of this disk, a fine adju —jEwM as 
of inductance is obtained for Ee = one ai as) 
poses. ‘The position of the cof rote +o? +in( ota a =) | 
be chosen so that the plane 
iG. 7.—Tuned impedance- _ is displaced nearly 90 deg., at re Ai resonance, where wl: = 1/wC:, the voltage amplification becomes 
coupled amplifier. from that of the coil, so as to mit - 
Es ___ the /38 loss in the disk. Ty ee on as) 
lh reociving circuits, particularly where space may be at a premit Bi ~ ph + oti 
condenser may be used for C, tuning being accomplished . . is adj i iti 
ing the position of a suitable cylindrical core of molded iron fe if the mutual inductance M in Eq. (19) is adjusted to satisfy the condition 
is arranged so that it can be moved in and out of the coil.' Im oM = VrR. (20) 
ments in the quality of these iron-dust cores in recent years enables E 
to be used to advantage at much higher frequencies. Values ¢ optimum value of voltage amplification will be obtained and Eq. (9) 
(= wh/R) in the vicinity of 100 can be obtained in the broadeast F luces to 
of frequencies, using a coil diameter of about 3g in. and a length of . oy 
1 in. This method, known as permeability tuning, has been - @) 
connection with push-button tuning, particularly in automotive ree 
sets. 
The voltage umplification of the cireuit in Fig. 7 at any freq v! is adjusted to its optimum value, it will be noted that the figure of 
given by fterit of the tube is «/V7p. Therefore if two tubes have equal values of 
Aee gi insconductance, the one having the higher amplification factor will give 
"iF, =m Tetrodes and pentodes will accordingly produce a greater 
ae in than a triode, With M less than iimpee the gain becomes more nearly 
where Zr is given in vector form by Eq. (9). ‘Transforming Eq (9) in portional to tho transconductance of the tube. When optimum coupling 
sealar magnitude, Eq. (15) becomes “ cmployed, the amplification is directly proportional to the ratio o 
e ee — cance to the square root of its resistance, inste: 
4 Ne Rott wl + QA ith values of M considerably less than optimum, 
= ON SORE FE GLC = iyi = 


oti 3 =a] b early proportional to the fi 
aac + ONALC =I pedanee looking into the primary coil in 
At resonance the voltage amplification will be 

(22) 
Ras cee 
A = G0 — Ro = Onl $2 


8. Tuned Transformer-coupled Amplifiers. A typical tuned 


reap At ‘ ‘i : ; oe < 
former-coupled amplifier is shown in Fig. 8. Receiving sets of resonance, with optimum coupling, Zp’ = rp of the tube. «This condition 


cv? {rom the resistance: and impedance-coupled amplifiers in that, in the 
2p WS Fe and Permeabili tain, Pros pel * two, optimum amplification is approached by making the impedauce 
mae Ferro-inductors and Permeability Tuning. Proc. .R.B= iba load ery latge compared t0'r5. 
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If a pentode is used in the circuit of Fig. 8, the above equations 1 to a fixed low fi ency. The variation in selectivity of a tuned 
3 ed to a low frequency. ¢ va n tun 

fPhalne snd: scaplifention foctors varying from, stern basdred Gh jransformer having a large primary is shown in Fig, 10. | The variation 

thousand, the coupling that can be used between primary and fn gain throughout the tuning is also much less than with the transform: 

without causing instability in the form of oscillations is far below the oFig. 9 Ree are 

valuo. |The preceding equations can therefore be simplified. | Sincers >: ‘The expression for the voltage amplification is 

in tho case of a pentode, the expression for the secondary voltage in Eq. M 

becomes Anu — (25) 

—jEB.gaM CVJVere 


1 
hero a = Ralls + ro(l = aHLaC)] — olla + rolC)( ala — Ze) 


, + ot? 
and the voltago amplification at resonance is 1 
A = onQeM b = ota(Lr + rpliCs) + [Ri + r9(l — oL,C (als bam 
‘These tubes enable values of amplification per stage to be +eM*Ciry 


which are much larger than can be obtained with triodes. 


10 From a practical point of view it is evident from the complexities of 


this expression that it would be much easier to determine the character- 


CHA LH 


Relative Amplification 


a 


Se a OS 
Kilocycles off Resonance 

secondary coil the selectivity in the case of a pentode is better than Fic. 10.—Variation in selectivity in t-r-f amplifier having high-inductance 

a triode; or for equal selectivities the pete, ates can use a einem 

and less expensive coil. ‘These advantages, together with their f istics of these transformers experimentally by laboratory measurements. 

from oscillation without the use of neutralizing circuits, have ‘The variation of the resistances with frequency will have to be‘measured 

triodes to be virtually abandoned in the field of r-f amplifiers for i 


prrttirittrryy 
0) 


3 
Kilocyles off Resonance 
Fig, 9.—Seleetivity as a function of frequency. 


T ‘- 


more A “ M in 3 ight just as well determine the over-all performance 
circuits. ‘Triodes are still used in the higher power amplifier by meieemiant ine a Way the effects of regeneration, stray couplings, 
radio tranemittere. t the srotiaity of shielding, ete, ‘may be included. ‘The. presence o 

9. Variations in Selectivity. The type of t-r-f transformer Smal] amounts of féedback, if not sufficient to produce oscillations, will 


in Art. 8, which had a primary inductance smaller than that of Siten cause the actual gain of an amplifier to depart from its compu 
secondary, causes an appreciable variation in selectivity over the Yalue by a considerable amount. 
range, as shown in Fig. 9. The amount of also tends to fall at . The use of a primary operated above its resonant frequency results 
1-f end of the tuning range. Both of these difficulties ean be redi in a plate-load impedance which has capacitive reactance. A load of 
by the use of a primary coil of large inductance—about 3 or 4} is nature results in negative feedback in the case of triodes, so that 
his value of Z», in conjunction with its distributed capacity, com heutralizing circuits have to be employed to prevent the gain from being 
with the output capacity of the tube, resonates the apa circuit Teduced to a fraction of its theoretical value. Ordinarily, these circuits 
frequency somewhat below the If tuning limit of the secondary. 8re used to balance out the effects of positive feedback and prevent 
electrical circuit is the same as Fig. 13 with the primary °scillation. Pentodes are free from these troubles. 
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10, Combinations of Inductive and Capacitive Coupling. To 
better performance tuned amplifiers without resorting to moyi 
parts other than the tuning condensers, combinations of inductive g 
capacitive coupling between stages have been used.t By a 
choice of circuit elements it is possible to make the effective coup 
vary with the frequency in a predetermined manner. In this y 
the variation of gain with frequency can be given almost any d 
characteristic. 

. In Fig. 1a 
coil Zp has a large value of inductan its distributed eapacit 
Cy, augmented by Cp, of the tube, resonates it to a frequency some 
below the tuning range of the set. The output current of the 
divides between Ts and the path through the coupling condenser 


At low frequencies a larger portion of the output current flows tl 
this second path because of the high impedance offered by Ly as part 


(a) 
Fic. 11.—Tuned amplifiers using combinations of inductive and capad 
coupling. 


resonance is approached in the latter. ‘This causes the voltage indi 
in Le to remain more nearly constant over the tuning range. 

he circuit of Fig. 11b accomplishes the same results in a some 
different manner. ‘The coil Z and condenser Cs, mercly serve aa € 
coil and blocking condenser of an amplifier using parallel feed. 

lified output current divides between C; and C2 and th 
to flow through the primary 1; of the autotransformer, 
of the tuning condenser C's is increased as the signal frequency is lot 
which causes a progressive increase in the effective coupling. 
about twenty times larger than the maximum value of Cs, whil 
includes about a turn or two of the coil Ly. 

11. Cascade Amplifiers. If two or more identical sta; 
Hon are connected in cascade, the over-all voltage ampli 
by 
A= A* 


‘id er stage. sponse curve of a multist 
amplifier composed of identical stages is readily obtained from the ¢ 
of an individual stage by raising its ordinates to the nth power, where 
is the number of stages, 


ry un, HL. A., and W. 
frequency Coupling Systems, Proc. I.R.E,, 19, 738, May, 
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‘The use of several stages of cascade tuned r-f amplification enables 
poth the selectivity and fidelity of the amplifier to be increased, provided 
the tuning of each stage is, made broader as the number of stages is 
fncreased. ‘This is illustrated in Fig, 12, both amplifier circuits being 
flike except for the values of mutual inductance between the primary 
and secondary of the t-r-f transformers. The necessity. for broader 
tuning per stage in multistage amplifiers in order to avoid too great a 
sacrifice in fidelity permits the use of coils of rather compact dimensions 
wound with relatively small wire, ‘The inereased coil resistance thus 
roduced will reduce the gain per stage, but this can be offset if necessary 
by increasing the mutual inductance to more nearly the optimum yalue, 
At frequencies sufficiently remote from resonance so that the gain per 
stage becomes less than unity, a cascade amplifier acts as an attenuator 
of the signal, . An increase in the number of stages will therefore actually 


rare a Ps ee eee | 

Ae a 
Kitocyel 

Via. 12.—Increase in selectivity with cascading, 


decrease the strength of interfering signals whose frequencies are above 
or below the band where the gain per stage is equal to or greater than 
one. All signals whose frequencies lie within this band will be strength- 
ened by an inerease in the number of stages, For this reason two types 
of selectivity may be recognized: the adjacent-channel selectivity, and 
the distant-channel selectivity. It is therefore possible in a comparative 
test of two amplifiers of equal sensitivity to find that the first will ss 
duce less interference from interfering signal of, say, 80 ke away from 
resonance than the second; while for signal of, say, 60 ke away there 
may be more interference present than in the second amplifier. i 

‘The attenuation of signals remote from the resonant frequency requires 
that the amplifier be well shielded in order to prevent short portions of 
the lead wires and cireuits of the output stage from acting as antennas and 
picking up energy. ‘Thus a few inches of exposed wire running to the 
grid of the detector tube might have a yoltage induced in it from an 
interfering powerful local station which is much greater in magnitude 
than these same signals after passing through the amplifier. a 

12. Band-pass Filters. A rectangular response curve would be ideal 
for tho r-f amplifier of a receiving set designed for entertainment pur- 
Poses, The use of a pair of tuned circuits as a coupling means between 
Stages results in a flatter response curve with steeper sides than ean be 
obtained y a single tuned circuit. Such an arrangement is shown in 
Fig. 13, and the general appearance of the resultant response curves is 
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given in Fig. 14. Owing to the more uniform amplificati 
over a wider band of frequencies, these circuits are, Derren to 
band-pass filters. This form of circuit 
commonly used in the i-f amplifier 
superheterodynos 
en the primary and second: 
2 both tuned to the same frequency, thew 
of the transmitted band Peat h upon 
panic of the coupling between 
Transformer- A double-humped response curve 
coupled amplifier with pri- if M is greater than the critical value, 
mary and secondary tuned. as Af is increased, the two peaks move 
el ther apart and the hollow betwi 
becomes deoper, particularly if the resistance of the two coils is low. 
n practice, both primary and secondary are tuned to the same 
quency; consequently whl; = 1/wC; and wls = 1/aCs. If the result 
common resonant frequency is called fo, the selectivity charac! 
can be determined, assuming a pentode to be used, from 
= taal 
Cy 


to 
where _f = frequeney in question 
Q: and Q: = values of wL/R of the primary and secondary circuits. 


cae l 
Ruksl 1 = 40,0. chy +5Q + FZ 4] +o? 


22 


2 


Relative Amplification 


§ 


2 


o 


aA 
Kilocycles of f Resonance 
Fi. 14.—Response curves of doubly-tuned r-f stage. 
At resonance when f = f», the voltage amplification will be 
ree ee 
oC 1C2(Riks + w*M*) 
A single-humped curve results when wM = ./Riftz, as shown 


Fig. 14.” In the ease of this fi ircuits i 
1 igure the value of 
somewhat higher than would be cmaployed oy the {amiss of a reoeh 
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ing set designed for entertainment purposes. | 1 
would be excellent, the resulting attenuation of side bands in a two-stage 
weplifier using three such transformers would greatly impair the fidelity 
‘of reception. It is sometimes the practice to use transformers of slightly 
different characteristics in the several stages. ‘Thus one or two of the 
transformers may have a more or less pronounced hollow at fo, while 
the other may have a single hump. In this way the amplification may 
he made fairly uniform throughout the band between f: and fz and then 
fall off sharply on either side, In television receivers where the 
amplifier is called upon to transmit uniformly a band of frequencies 
about 4.5 Me in width, a transformer consisting of three tuned coupled 
circuits may sometimes be required to secure the desired uniformity 
over the transmitted band. ‘The design problems involved in these 
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While the selectivity 


applications are diseussed in the references below. 

With the trend toward higher fidelity in the better grade of broadeast. 
receivers, it is highly desirable to have some adjustable control over the 
shape of the i-f response curve so as to be able to increase the fidelity 
on local reception when high selectivity, to prevent interference and 

ise, is not required. But the broad response curve required would be 
unsatisfactory in many cases of distant reception where high selectivity 
might be néeded to avoid adjacent channel ‘ 
interference. One scheme of securing adjustable 
selectivity is to vary the coupling between the ©) 
primary and secondary coils by mechanical \é i 
means. Another method, illustrated in Fig. 15, 
is to have a small coil Ls tightly coupled to L:. 

By rotating the switch arm to points 2 and 3, a +B 

progressive inerease in M between 1, and Ls is Ty 

Secured. This will result in a slight detuning Fy, 15 Method for 
of the secondary circuit as the response curve is yarying band width in 
widened, but.this is of no serious consequence. _i-f transformer. 
Individual iron-dust cores in LZ; and Ls enable 

close coupling to be had between Z; and Ly with a comparatively small 
number of turns in the latter, r 

13. Regeneration in Amplifiers. ‘The three-electrode vacuum tube is 
not a perfect unilateral device but permits the amplified output energy to 
react upon the input circuit. The grid-to-plate capacity of the tube 
serves to couple clectrostatically the input and output mits as shown 
in Fig. 16. Te some of the output voltage is fed back into the input 
cireuit so as to be in phase with e,, the total, or regenerative amplification, 
may be expressed by 


(29) 


where § is the fraction of the output which is fed back into the input cir- 
cuit and A is the gain of the amplifier if feedback were absent. If the 
quantity AS is unity, the total amplification becomes infinite, and a 
continuous oscillation will result. In addition to feedback due to C, 
which almost always has to be balanced out to secure stability, feedback 
due to coupling resulting from the use of a common B or C battery may 


ion. Signal-froquency  Cirouit Considerations, RCA Rev, 


‘ Mountsoy, G., Tele 
204, October, 1939; and Simplified Television I-f Systems, #id., p. 299, January, 1 
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nt to cause instability. 
couplings between the input and o1 


having a gain of 10 per stage 
Ze"RIXs oscillate if us much as 0.01 per ¢ 


of the output voltage succeeds 


got he input eireuit in 
Fic, 16.—Kquivalent circuit of a Proper phase. Consequently mull 


stage amplifiers of high over-all gg 
_ must be carefully shielded to avo 
instability, particularly at the higher frequencies, 


The oscillation of a single-stage amplitie 
is sufficiently inductive. If the impedans 
ance or a condensive reactance, 

in the latter case antiregenerative fee 
greatly to reduce the resultant gain. 
upon as being duo to the input impe 

of the tube. This impedance is of the 


triode, 


yan — ite 


When the plate circuit is inductive, the sign of Ty is negative, so that the t 
is then capable of annulling part or all of the positive resistance of the 

clated input cirer n atter event, oscillations occur. Th foot of 
various circuit clemonts of Fig. 16 on Z, is given by 


1 


+ $0(CaiCen + CoCr + Co 


When Z; is cepeeitive and has sufficient resistance associated 


positive, and the tube may introduce rather large losses into the put cire’ 


even though the grid is biased sufficiently negative so that no conductive gr 


eurrent flows. 


14. Methods of Avoiding Oscillation. ireuits designed to 
effects of regeneration are of two general types. Either suffi 
ance is introduced into the input cireuit to offset the neg: 
nee introduced by the tube or else a suitable network of circ 
is employed so 8 to isolate electrically the input and output cite 
by making them two pairs of opposite points of an a-c. bridge. 
most common method of the fit ntioned group sert a 
ance of several hundred ohms se! with the grid of the tube. 
a tuned amplifier designed to cover a range of frequencies, this re 
ance must be sufficiently large to secure stability at th highest 
quency, which means that it is much larger than necessary at the 
frequencies. This results in loss of amplification at these frequent 
15. Neutraliz! 3 Circuits. One form of bridge circuit due to C. 
Rice is shown in Fig. 17 where are given the actual circuit and the 
trical equivalent with the tube electrodes omitted. The fil 
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See. 


i i ver end of the 
i ibe, instead of being connected to the lower end 
ates to an intermediate point which divides the 


» -tductance into two parts, L, and Ly. ‘The lower terminal n of the input: 
inducta 


ing condenser C». 
iret to the plate through a small balancing coni 
St i oad a of tho input eet and f aud p of the out 
; irs of opposite points of a bridge. x 
circuit constitute two pairs o ge. An ingpeetion 
Hicates that no voltage can exis 
Hoan etter er iaa voltage between fp if the arms are balanced. 


Inpho 


Fic. 17.—Rice neutralized amplifier. 


is Yep i ed in phase 
ence which is fed back through Cgp is opposed in p! 
i “that which ows through C. ‘The conditions for a balance are 


In if 
Lt" 


i irely i equency as Eq. (32) would 
1 ce is not entirely independent of frequency as Eq, (32) wo 
ie ee ‘the coupling between L and Ly is substantially unity. 


(32) 


This is because Lp is shunted by the input capacity of the tube. With 


itic oscillatis 5 vhieh 
ements a h-f parasitic oscillation may take plice,w 
Wil_impair jhe performance of the amplifier at the frequencies for 
which it was'designed. A small capacity of about the size of C, shu 


t 


bf 


Fic. 18.—Hazeltine neutralized amplifier. 


in recei reuits. The 
0s <ill often prevent such parasites in receiving circuits. Th 
Tae cece Pie used iu neutralizing r-f power amplifier circuits 
int itter ect, ‘ ; ; 
Another form of balancibs circuit due to 1. A. ae Known as the 
Ni is shown in Fig. 18. is type of cirer ; 
pri a to ‘the ‘output circuit as the previous method di a the in Ae 
Pie cciitine tor palance ara the same as Eq. (2), ‘The coupling 
etween L, and Ja should again be appronnsiely unity if t : am Han 
Temain balanced for a wide range of frequencies with a fixed adjustment 
©T C,, as Ly is shunted by the output impedance of the tube. 
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has the advantage over the Rice circuit for receiving sets inthatones 

plates of the tuning condenser is at filament or ground potential. 
enables the rotors of the condensers to be mounted directly on a comm 


When stray couplings are present, the value of balancing capacity 
required may vary with the frequoney; hence, when exact neutralization 
js obtained at one frequency, the stage may’ be sufficiently unbalanced 
fat some other frequency so that oscillations occur. In this case a com- 
promige adjustment of C, must be found which will hold the stage out 
coupling between Lq and Ly with of oscillation for the entire tuning range. iis may not be possible 
to wooure gomplete neutralization for a wide range of frequencies. oa ec Raapling a pessent ‘togeiber with, high’ gain spe 

A circuit wherein all four of the bridge arms are condensers is sho stage. 3 5 1 
in Fig. 19, ‘Tho grid-plate capacity as well as the grid-filament a 1%, Neutralizing Power Amplifiers. Radio-frequency power ampli- 
of the tube is involved, these two capacities serving as'a pair of ra fore, such as are used in transmitting sets whore sufficient power is 
arms, The conditions for a balance are available, can be neutralized by means of a suitable r-f ammeter in the 

output tank circuit, In these mits provision is usually made to 
remove the plate voltage from the tube to be neutralized rather than to 
switch off the filament. 

Figure 21 shows the last two stages of power amplification of a typical 
1-kw broadcast transmitter. The first stage consists of two 75-watt screen- 
grid tubes in parallel which require no neutralization. The second stage is 


Petronsenasiontine 


intermediate point in Ly thus dis 


‘The value of Co is usually about 100 uxf, which requires a value of € 
somewhat larger in size than the neutralizing condensers of the pn 
ceding circuits. In order to avoid the accumulation of a charge 


Cn. 


7) 
in 


() 


Fra. 19.—Capacity bridge neutralization 
of grid-plate capacity. tance bridge circuit, 


the grid which may cause the tube to “block,” C is usually shunted ae 18h 
a 250,000-ohm grid leak, ‘The distributed eapacity of a suitable hd ae ~ 
coil whose natural frequency is below the frequeney to be amplified ¢ 
also be substituted for the condenser C,. Neutralized by means of the condenser C; ich connects to the input tank 
‘Another form of circuit involving the principle of # mutual induotal Circuit LiCy at the point shown... ‘The principle is tho samo as that of Fig. 17. 


idge is i in Fi e conditic The turns to which the various taps on L; are connected are indicated by the 
bridge is illustrated in Fig. 20. The Aas for a balance are numbers. “A'SQ-ohm resistance fee is connected in series with C. to secure 
Cop 


4 more exact phase balance, since Cy» of the tube will have some losses asso- 


Fro. 21,—Broadoast transmitter power amplifier. 


=7 Gintod with it and will therefore have a phase angle of loss than 90 deg. 
Ly Cop + Cn wih Neutratising adjustment, is mado as follows: The Switch, 81,18 thrown 
i is i i i si - lo tho top position inserting @ low-range thermocouple 7%; in the outpu 
Sines Cy is in parallel with the grid-filament capacity of the tubs, it tank cireuit’ LCs. At tho same time tho galvanometer Ay is connecte 
possible to utilize C,, in nee of an actual neutralizing condenser the thermocouple, and the plate circuit is opened by Ss wl is mechanically 
and balance by proper adjustment of the mutual inductance bety tonnocted with Si. With excitation applied to the grid, the balancing 
Ly and La. " f fondenser C is then adjusted until Aq reads zero. ‘The switch S; is then 
16. Neutralizing Adjustments. The most convenient method thrown to the lower position, closing the plate circuit and inserting a high 
neutralizing the above circuits is to tune the amplifier to a signal in th tango thermocouple 7'ha in the tank circuit, and at the same time transferring 
h-f range of the receiving set. The tube filament of the stage 10 Bs. 
neutralized is then opened, usually by slipping a piece of paper betw 18. Pentodes as R-f Amplifiers. ‘The triode was superseded by the 
pI 


the filament pin and the filament terminal in the tube socket. Se i ii i i 

. ; 2 ‘reen-grid tetrode, owing to the higher gains per e obtainable 
kee the repeater action of the tube and converts that por Without the need of neutralizing cirouits, Still higher gains on the part 
of the cireuit into its equivalent electrical network. ‘The neutralizin Sf the pentode have enabled it to replace the tetrode in this field. The 
condenser is then adjusted until the signal disappears. The fil recdom from oscillation in these tubes is due to the reduction in the 


is then lighted, and the procedure is repeated with the next stage. *apacity between plate and control grid. This capacity is broken up in 
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effect into two series condensers with the mid-point grounded to 
filament, so far as r-f potentials are concerned, as will be scen fh 


Fi . 

ia r-f pentodes the suppressor Ria is of further assistance in red) 

this capacity, and values of C,, of 

uuf, of less, are obtained. 
back of amplified output energy thi 
the tube is thereby reduced to the 
where stabl operation with fair gain 
be obtained at wave lengths of a 
meters. These tubes may osei 
too high a value cf gain per st 
attempted. Capacitive coupling 
tween grid and plate leads exter 
the tube must Le carefully avoided 
the use of adequate shi Ta 
© majority of these tubes for receiving purposes are of the 
cutoff or varinble-mu type. This feature enables a variable ni 
bias to be impressed on the control grid as a means of volume cot 
without producing cross modulation and distortion when stron; 
signals are being received. With the conventional type of tul 
strong signals the bias would have to be adjusted almost to cutoff 
order. to reduce the transconductance sufficiently to avoid over! 
the last stage. Serious distortion of the modulated envelope 
result if the tube were operated in this region of high curvature. 

19. Radio-frequency Power Amplifiers. The low output and 
efficiency of class A ampli preclude their use in transmitters, 
class B or class C operation is employed. 


Fig, 22.—Elimination of cou- 
pling between input and output 
circuits by means of screen- 
grid tube, 


Fic. 23.—Characteristies of class B amplification. 


Class B amplifiers are operated with a negative bias approxi 
equal to cutoff so that the plate current is almost zero when the al 
ing grid excitation is removed. With a sinusoidal voltage a] 
to the grid, the plate current consists of a series of half-sine wal 


} Battanrive and SNow, Reduction of Distortion and Cross-talk in Radio 
by Means of Variable-mu Tetrodes, Proc. 1.R.E., 18, 2102, December, 1930. 
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sec. 12] 
similar to the output of a half-wave rectifier. The load impedance is 
adjusted obtain an approximately linear dynamic characteristic, 
as shown in Fig. 23. The grid swings positive on excitation peaks, 
eausing grid current to flow. Class B amplifiers are used in radio- 
telephone transmitters following the modulated stage. The power 
output obtainable from a given tube is much greater than with class A 
operation and the plate eflicieney is much higher, having a theoretical 
maximum value of 78.54 per cent, As with a-f power amplifiers, tubes 
operating as class B r-f amplifiers may also be operated in push-pull. 

‘A class C amplifier is one in which high output and plate efficiency 
are the primary considerations, The grid ‘is negatively biased to a 
point considerably beyond cutoff, as shown in Fig. 24, so.that the plate 
current is zero with no grid excitation. ‘The latter is quite large and is 
often sufficient to eause the plate current to reach saturation on positive 
Swings. Plate efficiencies in the vicinity of 90 per cent may be obtained 
with the larger tubes. These high elficiencies are made possible by 


Fic. 25.—Schematic ci 
of r-£ power amplifier. 


Fig. 24.—Class C operation. 


allowing the plate current to flow during less than 180 deg. of the cycle 
and only at a time when the plate potential is comparatively low. In 
radio-telegraph transmitters all stages are operated class C, while with 
radio telephony only the modulated amplifier and the stages preceding 
re so operated. . 
The plate current waye shapes in both cases are badly Sena 
Particularly with class C operation, and the output contains both odc 
and even harmonics. However, the tank circuit LoCo in Fig. 25 is 
resonant to the fundamental to which it offers a high impedance of tho 
Dature of a pure resistance. The impedance offered to the plate-current 
armonies diminishes rapidly with the order of the tad) hence the 
Yoltage drop Ep across the tank circuit is very nearly sinusoidal in shape. 
The instantaneous plate voltage ¢» will be the algebraic difference 
between the plate-supply voltage H, and the drop Eo across the load. 
_, Either triodes or sereen-grid tetrodes may be used as power amplifiers. 
¢ latter have the advantage of not requiring neutralization. The 
Screen-grid voltage in transmit ing tubes is usually about 15 per cent 
of the plate-supply voltage, which is proportionally much lower than 
Mm receiving pay ‘These tubes are difficult to construct for power 
outputs much greater than 500 watts, and, where larger outputs are 
Tequired, triodes must be used. 
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20. Current and Voltage Relations. The instantaneous current 
voltage relations fon a cl C amplifier are shown in Fig. 26, 
essary e, of the plate with respect to the filament is at a minim 
luring the time plate current is actually flowing. ‘The power 
within the tube will be equal to the product of ¢, and iy sveraney 
# complete cycle. It is evident from Fig. 26 that this loss can 
small by toning the angle 29, during which time plate current act 
flows. “This will vary from 180 deg. in the case of a class B am 
to perhaps as low as 60 deg for class C operation. It will also be 
is at its positive maximum when 


that the grid-excitation voltage E, 
plate voltage is a minimum, The minimum plate voltage should 


Fic. 26.—Instantaneous values of current and voltage in class C ampli 


be allowed to fall below the value of ¢ max. if excessive grid current 
to be avoided. Ordinarily ¢, max. is limited to about 80 per cent E, 


um ‘itive value 
Tho required 


By Er min. €08 0s 
Fea oT ae wwe * + ena) 
The required © bias will be 


R= — Cymax. 
and the voltage across the tank circuit is given by 
Eo = Ey — Eswin. 


ime ortesponding pairs of plate and grid voltages can then be computed 
increments of 5 or 10 deg. over the time interval 26, during which pl 
current flows. Since the various current and voltage waves are symmel 
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on cither side of the vertical axis, it is only necessary to do this from zero to 
‘A suitable table for this purpose is given below: 


fi. 
‘Tanne I 
Given di Assumed values: Computed values: 
D Wepeaasnd Eq. (35) 
aes : E * Ba: G8) 
Bi. : . Eq. 87) 


10° 20° 30° 40° 
| 1 | 0.9848 0.9397 0.8660 0.7000 


Bousanesnon 


eco 


‘The values of plate and grid currents in lines 7 and 8 are obtained from the 
statis characteristics of the taba for. the. computed. palrs of instantaneous 
values of ¢, and e, in lines 4 and 6. The re current characteristic will also 
be necessary if the power required for grid excitation is to be determined. 

‘The d-c component of plate current J, will be the average value of t» over a 


_ complete eyele and is given by 


=1f(m eee 1) (38) 
b=ho tu tut Fun 
using the trapezoidal rule to determine the area under the curve for ip. If 


eg. i used in Table I, the coefficient of Eq. (38) would be 46. 
aoe ee ae are ar'ot gid oureat fe orn bo oud in a eiailat mannee by 
substituting as Ordinates the items of line 8 in Eq. (38). 

The maximum amplitude of the fundamental component of the plate cur- 


rent is given by 
2 . 
In == f, %, cos 0d0 


= Kw tutu tees +m’) (39) 
dal rule to evaluate the definite integral. If S-deg. intervals 
eI, the eoelicent of 1. (80) becomes Sn. 2 
"The 1 m amplitude of the fundamental component I): of the gr 
furrent ean be obtained in the same way by substituting the items of line 10 
in Eq. (39) 


22. Power Relations. The d-e power supplied to the circuit from 
the source of Ey is 


Pagar = Esly (40) 
The power output to the tank circuit at the fundamental frequency is 
Paany = 2st (an) 
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Since the grids enclose hy the plate, the heating of the grid by P, 
xt be radiated by the plate in addition to its own losses. 

_ Tete vagy loss within ‘the tube which is to be dissipated at the plate 

fn the form of heat, exclusive of the power loss in the filament, is 


t — Ble (47) 
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since the tank impedance is of the nature of a pure resistance Rs at rei 
The required value of Rs is ntly 


Eo 
aching 1 


and is related to the constants of the tank circuit by Tube loss = Ex, 


Bol , Bo) 
—Sa+ 


js expression may be used to check the assumed operating conditions 
Foss the standpoint of allowable plate dissipation. 
‘he plate efficiency is defined as the ratio of the output to the tank 


cireuit to the power supplied to the plate and is given by 


Ie 
B= tie 


ieney = Belg 48 
Plate efficieney = 5757, : (48) 
‘The resistance of the load required to fulfill the assumed operati ith the allowable plate dissipation fixed, a moderate improvement. in 
conditions, as given by Eq, (42), will bear no simple relation to the the pe efficiency Pill materially increase the useful output, and the 
resistance ry of the tube as used in computations relating to class’A po maximum output will be obtained when the plate efficiency is made a 
amplifiers, since rp is infinite durit cious: ‘ r 
the greater portion of the cycle un The effective value of the oseillatory current in the tank will be 
class C operation. From Eq. (43) 
seen that Toad impedanes o C "Ke Eo (49) 
cireuit may be vari¢ yy varying «A/D Ro? + wlan?) 
ratio of Ly to Co. As the latter item Ro’ Ea ‘ 
often a mica condenser of fixed * Where the effective value of Q for the coil is high,-the currents in the 
Eo 2s’ pacity, 2 variation may be made in tt coil and condenser are approximately the same and will be given with 
; - value of 2 by using the tank indu sufficient acauracy for most purposes by 
Pe ebb lp sen leans tance ag an autotransformer, ag i KE 
1 strated in Fig. 27. The ratio Py ee ee 50) 
transformation will be approxi Baca ale ST ‘ 


the turns ratio P/S, and, by moving the plate tap fos to alter them 
er of turns included in P, it is possible to change the load impedance : rice fod 
viewed from the tube by the square of the transi ti tio. . 25, but the same uations and. method of analysis wil ewise 
The power input to the grid ia ere a ppl’ to the case of parallel feed in Fig. 21. ‘This latter arrangement 


e lly. loved. 
4 3 Class B-Amplif ah In order not to distort the envelope of the 


Pert tous = ~ \ applied modulated wave in Fig. 23, the dynamic characteristic must be 
essentially linear, and the operating conditions are chosen so as to bring 
this about. When this is the case, the maximum amplitude of the 
fundamental component of the plate current is given by 


eosin! discussion has been based upon the series-fed circuit 


‘The power amplification will be Eq. (41) divided by Eq. (44) and is 
_ Bol 

2 Baler 

Power amplifiers are practically always. operated with a fixed-bi 

voltage E. instead of being self-biased by means of a grid leak 


a *¢ uk 
In= ER (1) 


to a fair degree of approximation. The d-c component of plate current 


condenser, as with oscillators. ‘This is because in the event of failun will then be 

of the excitation voltage the self-bias would no longer function and th 2 

tube would be injured. A Portion of the power input to the grid sould Ty = =I: = 0.637151 (62) 
be consumed across £. and would charge the bias battery, if one 4 ad 

used. This power lost across the bias is Z-/., and the power consumed ‘The plate efficiency, from Eq. (48), becomes 


within the tube due to the flow of grid current is 


Bol 
be 


Plate efficiency = 


p, = Fde— pr, 
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Since Ey approaches E, as a limiting value, it follows that the 
efficiency of a class B ampl approaches 78.54 per cent as a limit 
yalue. In actual practice it is usually about 65 per cent on excitat 
peaks at 100 per cent modulation and falls to about 33 per cent 
the applied excitation voltage is unmodulated. 

24, Tuning Adjustments. ‘The tank circuit should always be adjus 
to anity power factor so that minimum plate volt: may coin 
with maximum plate current, A departure from this relation 
lower the plate efficiency. ‘This adjustment is usually made by t 
the tank circuit for minimum d-c plate current. Strictly speal 
minimum /) may be used as an accurate measure of unity power fi 
only when Cy of the tank is the clement varied, The usual tu 
adjustment is Ly, which is varied by means of a copper or alumim 
disk rotated within the tank coil and acts as a single short-circuit 
turn. In this case maximum impedance will not occur at unity po 
factor, and Ly should be adjusted to a value slightly lower than tl 
which produces minimum J». If the effective value of Q for the tank 
fairly high, the adjustments for maximum impedance and unity po 
factor practically coincide, in which case the current may be adjust 
for minimum plate current with either tuning element the variable. 

25. Modulated Amplifiers. If an a-f voltage is superimposed wy 
the d-¢ plate-supply voltage Fy of a class C amplifier having const 


2.0; 


Tonk Current Io 
at 


° 


100 200 300 400-500 600 700 
Plate Voltage 


Fic. 28.—Modulation of class C amplifier by superimposing a-f sign: 
voltage on plate-supply voltage 


rf excitation applied to its grid, the tank current 7) may be made t 
ise and fall in amplitude as illustrated in Fig. 28. The schemati 
diagram of the circuit is shown in Fig. 29. A linear relation must exis 
between tank current and plate voltage if distortion is to he avoided. 
‘The relation between the plate voltage and J, should also be fairly 
linear so that the modulator tube supplying the a-f power shall work into 
nine load resistance, which will be equal to Z;/J., or, in general, 

Ey/Ale, 
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id excitation, grid bias, and tank-circuit impedance are adjusted 
The grid Can the dered linear relations. ‘The adjustments may be 
eked by varyinj from 
thond Zy against 2 as in Fig. 28. 
jmpressed, upon the modulated 
amplifier is somewhat lower than 
thenormal value used for unmodu- 
jated operation in order to avoid 
excessive plate heating on modu- 
lation peaks. The grid bias F. 
required is approximately twice 
the value a Sao for the tabs, 
nd the tank impedance is usually 
Maher than with unmodulated Fra. 20.—Plate-modulated class © 
operation, ‘The plate efficiency is »_jamnphifier, J A 
Jower than with unmodulated amplifiers and is usually in the neighbor- 
hood of 60 per cent, Bee nding upon the size of the tube used. Hither 
triodes or tetrodes may be used. Mek ae 
‘The continuous power output, with 100 per cent modulation is 1.5 
times the power at zero modulation, output on modulation peaks 
will be four times the unmodulated carrier output. ‘This increase in 
the power output when modulated must be furnished by the a-f input 


Dynamic Characteristic 


‘Es, from zero to twice normal value and plotting 
‘The value of plate-supply voltage 


The amount of a-f power required varies 


from the modulator tubes. 
With the square of the modulating factor, so that the modulator tubes 


must be capable of furnishing a sizable amount of audio power if 100 per 
cent. modulation is to be attained, A 

While the plate-modulated amplifier has been the most. widely used, 
other methods requiring very much less audio power can be employed. 
Instead of varying the voltage applied to the plate of the modulated 
amplifier, it is possible to secure similar results by varying the magnitude 
of the C’ bias at an a-f rate. The schematic circuit is shown in Fig. 30, 
together with the details of operation. The signal voltage cyclically 
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adds to and subtracts from the fixed biasing otters E., causin 
rise ang 


{ Z- = terminati pedance (R/2) 
amplitude of the plate-current impulses to shore 


i ich i al in this case 
i Zu = characters impedance of the line, which is equé ks 
current wave shapes will be similar to those of the class B amplif 7 ‘oudemen the reactive series and shunt aria of the simulating 
ig. 28, except that the angle 20 during which plate current flows network vee ncreases to value greater than B. (reaching 
vary with the modulation. The mode of operation changes fro When the carrier vol enc “Ps begins to furnish power to the tank cir 
underexcited class C amplifier when unmodulated to a class B BE, at 100 per cont modulation), 7's begins to, furnish power to tod from, tho 
sdulation peaks va iit. However, this causes the ren ft rise in Ze, from Eq. (4), 
sane pe y Gatco 2 ‘nd of the network, to rise, But this apparent ri hry 
method over plate m 5 Condensers 
required for complete modulati qh) JR Wy canbe combined 
rid-excitation losses j 34 le 
amplifier in thiscase, ‘The 
efficiency is somewhat lower, 
freedom from distortion is 1 


difficult to secure, Tmpecance \ Tank# 
Another method is to in L, iverhng “impedance 

the modulating voltage in Lie network “SR 

suppressor-grid circuit | i 2 


sereen-grid type of power - r 
ode op brating bea ela an Fi, 32.—Schematic diagram of a Doherty amplifier, ae 
ier, as shown in Fig, 31. 25 t current Ir of tube 
u A Z, Consequently, the output o f r 
Suppressor] grid is biased Fe eee re ccains tonavarie Te Tnereasing grid excitation 
tively by a moderate amount fnaiitains Bas the plate load impedance Z, falls. As the excitation inerenses 
% re ., Swings positive on modulali hoyond the unmodulated amplitude B., 7's con' but and more Dower 
My during which time suppressor-grid current flows. ‘The power to the tank and thereby permits 7’: also to supply more power. 


y rt kk 

sented by this current has to be furnished by the modulatin; r excitation reaches a value of 2, corresponding to the instantancous peal 

but it is negligible in comparison to the demands of a plate-miod of « completely modulated wave, half of tha ay ers pad eS 

amplifier. ‘The distortion is low. with moderna high percentag fontributed by Ts. The network i a ae ete itting 7 40 deliver twice 

modulation but becomes appreciable at 100 per cont, ; Fohmg instond of the Origine otal power delivered to the tank eireuls is 

ach Domety, High-ficleney”Amplier. The plate ofciency then the required value of four timos the unmodulated value, 

100 per cent modulation, resulting in a rather low all-day efficiency. 

view of the average per cent modulation of a broadcast station. 0 

quently san appreciable reduction could be effected in the energy req § 

ments of a transmitter if this efficiency could be raised and kept constam E 
5 
6 


‘The Doherty amplifier accomplishes this desirable result in the follo 
manner: 


Fra, 81-—-Sereon-grid pentode. used us 
modulated class C amplifier. 


2 


Be 2Bo 0 Be ee 


(a)-Grid excitation — (6)-Grid excitation . 
Fic. 38.—Current and yoltage relations in a Doherty amplifier. 
iations in the various currents in Fig. 52 are shown in Fig. 33a, 

ao Gao wattiens a Be vary as shown in'Fig. 388-, Oneof the chat 
Setoristies of the impedanee-inve 
impedan current Zy will sag 90 des. behind 

= Simil ift, but in the opposite direc i ir 
ie given b Of Taf that the currents 2280 fs will be in phase with each other, | Revers- 
ing the signs of the reactances in the series and shunt arms of the grid net ¥ 
48 shown, will produce the desired leading phase shift of 90 deg. 


cl i i light! 
The thod of operation enables a plate efficiency of s! 
Boece than 60 pet cont to be secured when the carrier is tumodulatad 
The distortion is somewhat greater than with class B operation, Fig. 33, 


2, = 3 A 


‘Donsnry, W. H., A New High Efficiency Power Amplifier for Modulated Wa 
Proc, I.R.B., p. 1188, September, 1936. 


erystals for h 

in service. 

short-wave transmitters, the crystal is ground to oscillate at 
multiple of the transmitted frequency. The output of the er 
controlled oscillator is then impressed on one or more amplifiers. 
nected in cascade and paloma to multiply the frequency. The 
practice is to double the frequency with cach stage, and, while gi 
Bre than this can be obtained, the output falls off 

as higher multiplications per stage are attempted. If a push-pull 


even harmonics will cancel in the output circuit. p 
having a plate efficiency of 80 per cent would show an efficieng 
about 70 per cent when used as a frequency doubler, The 
taneous current and voltage relations in a frequency doubler 
similar to Fig. 26 except that the frequency of ¢, will be twice as 
and will therefore be low in value for a shorter time interval. 


Ki 
be neutralized, as the it iH 
frequencies and henee wil 


SECTION 13 
RECEIVING SYSTEMS 


By G. L. Burrs, B.S." 


1. Classification. The following is a classification of radio receivers 
‘according to their operating principle. 

1, Tuned radio frequency 

2) Superheterodyne. 

3. Regenerative. 

4. Superregenerative. 

2. Tuned-radio-frequency Receivers. ‘Tuned-radio-frequency (t-r-f) 
receivers are those which obtain their selectivity and r-f ane ification 
through the use of circuits which function at the frequency of the incom- 


signal. 
Meruned rf receivers use fi two to six circuits which are tuned 
simultaneously by means of a single tuning control. A gang condenser, 
which consists of several variable condensers assembled in a single unit, 
is used to vary the frequency of the tuned cireuits. The series resistance 
of « conventional tuned circuit, whose frequency is varied by means of 2 
variable condenser, increases with frequency. ‘The selectivity of t-r-f 
broadeast receivers varies in a ratio of about 3:1 from one end of the 
roadcast range_to the other. One or two of the tuned cirenits in a t-r-f 
receiver are generally used in the antenna-i ee system and the remainder 
are used to provide the coupling between the stages of the r-f amplifier. 
One or two si of a-f amplification are used in the audio portion of 
the receiver: Tuned r-f receivers are best suited for use where the 
selectivity requirements are not extreme. 
8. Superheterodyne Receivers. In the superheterodyne mi 
teceived voltage is combined with a voltage from a local 
converted into a voltage of a lower or intermediate frequen 


| Amplified and detected to reproduce the original signal wave. 


‘he superheterodyne receiver utilizes the essential components of a 
trf receiver and, in addition, a frequency converter and i-f amplifier. 
we frequeney converter consists of a variable-frequency oscillator and a 
detector. The function of the frequency converter is to change the 
requeney of the received signal to the if. The oscillator and t-r-f 
Sircuits in superheterodyne receivers are usually tuned simultaneously 
v means of a gang condenser. A tant frequency difference is main- 
ined between the oscillator and r-f circuits either through the use of a 
ombination of fixed shunt and series condensers in the oscillator circui 
in conjunction with a gang condenser in which all of the variable con- 
densers are identical in capacity or through the use of a gang condenser 


Cann pnnnerrine Department, RCA Manufacturing Company, RCA Victor Division, 
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in which specially shaped plates are used in the oscil i ‘ ras witcnad 
in which specially shaped plates are usd inthe oscillator variable GE orgy boing transfered from the, superregeneraive circuit to, the 
contain two coupled circuits with the coupling adjusted to provide antenna. A signal input of 50 to 100 gv will give an intelligible signal, 
so-called band-pass filter characteristics. ‘The i-f amplifier provides: although an input of 600 to 1000 uv is genorally necessary Lo palluce tty. 
major portion of the amplification and selectivity. Since the charagt noise to a satistnctory value, Harmonies of the quench frequeney beat- 
ists of this amplifier are independent of the Trequency to. which tig fw, “itt the received Sn) as LE ie pe 
ver is tuned, the sensi y and selectivity : tween signal and quench frequencies ):1 or more. 
SoMa HE LT pola ity. of io supechees superregencrator i still used in some police automobile installations but, 
circuits are used primarily for eliminating certain types of interfe Bs being replaced by the euperhaterodyne Becout ct better signal-to- 
which are common to this t: eee The pei : noise ratio and selectivity which OGY eS SEOs 5 
Serene gr Nei they ae Oh pata Mpa pte ®. Method of Rating. Receiving sets are generally rated on the basis 
of receiver in use today. , 4 the ype) etait (1) scat (2) selectivity; (3) 
4, Regenerative Receivers. In a rogenerative receiver the follo fidelity; (4) overload level; (5) power consumed. 

n ei place: The received voltage is impressed on the grid o * 1. ‘The sensitivity is that characteristic which determines to how weak a 
vacuum tube, A portion of the resultant voltage which appears fignal it is capable of responding. It is measured quantitatively in terms of 
plate circuit of the tube is fed back to the grid circuit in the p the input voltage required to give a standard output, 7 
phase relation to increase the applied grid voltage. ‘The effect of 2. "Phe aetectirity is the degree to which the receiver is capable of differenti- 
action is to reduce the effective resistance of the resonant circuit to sting between, the desired signal and signals of other carrier frequencies, 
the'signal is applied and, thereby, provide considerable amplifie This characteritic is not expressible by a single numerical valuo but requires 
of the received signal. : one or more graphs for its expression. yey 

anavhtive  recely . "The fidelity of a radio receiver is the degree to which it accurately repro- 
font eenetitive receivers ate usually, provided with two controls, g uses ne fe output termingis the signal which is iinpressed upon it. "As 
for tuning the receiver and the other for controlling the amount of fe applied to a radio receiver, fidelity is measured by the accuracy of reprodue- 
back energy. If the feedback is increased beyond a certain tion at the output terminals of the modulation of the received wave. 
sustained oscillations are produced. It is common practice to t 4. The overload level of a receiver is the maximum power output which can 
regenerative receivers while sustained oscillations are being prod Bp obtained frore ft wait tha ouch t cess aes Bop: SIREN thea 
as the beat frequency produced between the carrier wave of the Mah SB ee 
mitting station and the locally produced oscillations indicates when 7. M i i i i 
aes : t ; , |. Method of Testing. A standardized, method of testing radio 
Resets ioperly cuned: This method of tuning is called the * receivers has been established by the Institute of Radio Engineers and 
eres ie eather caine receiver is adjusted so that the b is described in detail in the Year Book of the Institute. The following 
NE RS a Tonger audible. | When isa brief summary of the procedure: 
e ¢ re o1 tune way, interference is 2) 
duced in near-by receivers which are tuned to the same station, A sti 1. Definition of Terms. 
of tuned rf aniplifieation is sometimes used between the antenna a. Sensitivity, selectivity, fidelity, and maximum undistorted output (see 
the regenerative circuit to reduce the possibility of producing this Method of Rating). ‘ 
of interference. The regenerative receiver is quite sensitive consid q b Nowa} test cutpat An as power output CA oy ina atenidagd 
7 er vhiel fi n * . - lummy load connected across the output terminals of the receiver is e 
the number of tubes which are used. It is not very selective since @ Hormal test output of.a broadcast radio receiver except when the maximum 


a single tuned circuit is generally used. ‘They are now  praet power output is less than 1 watt and more than 0.1 watt, in which ease the 

obsolete as broadcast receivers, although they are still used to a limi Hormal tost output is 0.05 watt. 

extent in marine receivers and in short-wave work. c. Normal radio-input voltage: This term represents the r-m-s r-f voltage 
6. Superregenerative Receivers. A superregenerative receiver is! modulated 30 per cont at 400 cycles which results in normal test output at 


Fevonance, 
d. Standard test frequencies: In the testing of a broadeast radio receiver, 
he ‘soven standard carrier frequencies are 540, 600, 800, 1,000, 1,200, 1,400, 
carrier frequencies are required, the 
quencies of GOD, 1,000, and 1,400 ke are used. 


regenerative receiver in, which sustained oscillations are prevent 
the periodic variation of the effective resistance of the resonant cit 
to which the received signal is applied. nd 1,600 ke. When tests at only thr 


In the superregenerative receiver oscillations are permitted to Parr 
up at a periodic rate in a resonant cireuit tuned to the frequency of 2. Equipment Required. 
received signal wave. Sustained oscillations in this circuit are preve a, A signal generator: This consists of a shielded vacuum-tube oscillator 
by the application of a quenching frequeney potential to the grid of Whoso frequeney can be varied from 500 to 1,600 ke, An a-f oscillator is 
superregenerative tube which periodically affects the tube character fe ied to modulate the r-f oscillator by a known amount at any frequency 
in such a way as to stop the oscillations. The quenching frequency From. 40 to 10,000 cycles. A calibrated attenuator is used to impress a known 
be supplied either by « separate oscillator or Lietsped crea Potential on the standard antenna connected to the receiver. ‘The attenuator 
tube itself. The audio system of this type of receiver is usually pro ee eee 
with an a-f filter to remove the quenching frequency from the a 4. Standard antenna: The standard antenna for a broadcast radio receiver 
output. An r-f stage is frequently used ahead of the detector to pI t having a self-contained antenna is an antenna having substantially the 
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uivalent 
ately the r-m-s voltage across the load resistor. 
d. Harmonie-measuring cireuit: For this purpose a harmonic 
capable of measuring frequencies up to 15,000 cycles is recommended. 
instrument should have sufficient frequency discrimination to measure 
monies which are 0.5 per cent or less of the fundamental. 
3. Tests. 


a, Sensitivity: The sensitivity is determined by impressing an r-f 
with 400 cycles, 30 per cent modulation, in series with a standard ant 
and adjusting the intensity of the input voltage until normal test out 
obtained for carrier frequencies between 550 and 1,500 ke. 

b. Selectivity: The selectivity of a receiver is determined by tuning 
each test frequency in succession, with the receiver in the same condition: 
the sensitivity test, and moasuring the r.f. necessary to give normal, 
output at steps not greater than 10 ke at least up to 100 ke on either 
resonance or until the radio-input voltage has increased to 10,000 ti 
more if the measuring oa pment permits. 

¢, Electric fidelity: This is determined by tuning the radio receiver to 
standard tost frequency, in succession with the receiver in the same 
as in the sensitivity and selectivity tests, adjusting the impressed volt 
the normal radio-input voltage and then varying the modulation fi 
from 40 to 10,000 eyeles at 30 per cent modulation and constant 
voltage throughout, taking readings of relative output voltage at com 
modulation frequencie: 

4. Addit 


“eats. 
a. Determination of the overload level: This is determined by in¢ 
in successive steps the r-f input to the receiver (with modulation adj 
to 30 per cent at 400 cycles) and measuring both the power output and 
percentage harmonics. The overload level of the receiver is the least 
output which contains a total harmonic distortion of 10 per cent 


voltage) 
>, Volume-control tests: This test is a determination of the effect of 
volume control on the sensitivity, selectivity, and fidelity. 

¢. Test for hum: For determining the hum voltage, a filter is cor 
between the output of the receiver and the voltmeter. This filter 
characteristic which evaluates the various hum components according to 
quantitative effect on the human ear. 


8. Design of Receiving Systems. The majority of receiving sets 
use today are bi cast receivers designed to cover the frequency 

of from 550 to 1,500 ke. The essential electrical elements of a m 
broadcast receiver may be classified as follows: 


. Radio-frequency system. 
. Audio-frequency system. 
- Volume-control system. 
. ORE aE DIS system. 

. Loud-speaker, 


poe 


_ 9, Radio-frequency System. Antenna-input Systems. ‘The ante 
input system transfers the signal wave intercepted by the antenna 
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the grid of the first tube in the receiver. The antenna-input system also 
contributes to the over-all performance as follows: 


systems. 
A typical antenna-input system is illustrated in Fij 

considerable variation in the characteristics of receiving antennas used, 

the value of the antenna-coupling inductance is 

chosen so that the antenna system is always tuned 

to a frequency below the tuning range of the 

receiver. If the antenna circuit becomes resonant 

‘in the tuning range of the receiver, the first tuned 

circuit in an unicontrolled receiver will be thrown 

out of alignment with the remainder of the pa 

receiver and the over-all performance will be 

seriously affected. Figure 2 shows the. voltage Fig. 1.—Antenna-in- 

step-up between the antenna and the grid of the put system. 

first tube which is obtained from such an arrange- 

ment. ‘Two coupled tuned circuits are som es used between the 

Antenna and the grid of the first tube. _ This reduces the voltage gain to 

tely half that obtained with the single tuned cireuit but 


Co b v m 

- Wave Frequency, kilocyces 
Fic. 2.—Amplification of input system of Fig. 1. 
he selectivity and therefore reduces the possibility of cross 
Modulation in the first tube of the receiver. An antenna-input system 
is shown in Fig, 3, which provides considerably greater coupling between 


the antenna and the first tuned 
| cireuit. This system is employed 


in automobile receivers where the 
signal intercepted by the antenna is 
usually quite small. By eonnect- 
ing a small inductance in series with 
the antenna so that a series-tuned 
circuit is formed which is resonant 
at approximately 2,000 ke, thi 
system will provide a voltage gain 
which varies from 10 at 600 ke to 
Te 20 at 1,400 ke. Another antenna 
Closely coupled antenna- input system which is used exten- 
a Anpus syssern. ; sively in automobile receivers, par- 
leularly those which are designed for a specific car and antenna, is to 
fonnect the antenna to a tap, approximately 30 to 50 per cent on the coil 
in the first tuned circuit, 
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cause oscillations, _ It is common practice to locate the grid cireuits and 
plate cireuits associated with each tube in separate metal compartments 
to prevent upling between them. 

Figuro 4 illustrates the type of ter-f transformer which is used in the 
majority of broa t receivers. The primary of the transformer is a 
small “universal-wound” coil which is either wound on a form of small 
diameter so that it can be mounted inside the secondary. or is wound 
directly on the end of the same form as the secondary. he secondary 
ja wound on a piece of tubing made of bakelite or some similar material. 
Tho primary is coupled electromagnetically to the secondary. The 
amplification and. selectivity characteristics obtained with this trans 
former when used with an‘r-f pentode, having @ transconductance of 
1,000 micromhos, are shown in Fig. 5. 


untuned, 


Tuned rf amplifiers are thoso which amplify a narrow band of frog 
and are provided with a control by which the position of this ban 
quencies may be moved over a wide frequency range. 

Untuned rf amplifiers are not-provided with a tuning control and 


of | 


Kilocycles OFF Resonance 


dosigned to amplify a wide band of frequencies. ino 08 cesiare = 
Fized-tuned r-£ amplificrs are those which pass a narrow band of freqi 80 
and whose resonant frequency is not varied with the tuning of the Ld —— 4 Kilocycles OFf Resonance. 
‘The i-f amplifier of a superheterodyne receiver is an amplifier of th $ «ao pp Bob 0 § 05 0 6 05» 
500 j === 
tort ampli a + 
d circuit < ol, i a 
wl 
3 m0) jig § 
ST 
{ | 


a 

£ 9 
500 90 700 BO” 900 100100 200800 Ft 
Wave Frequency, kilocycles 

Mio. 5.—Characteristics of trans- 

fogmer in Fig. 4. 


= (Bl 


Selectivity comparison of 
¢ and coupled tuned cireuit, 


GY eL/R of the tuned cireuits used in rf 
7 — formers for broadeast receivers is usually. 
tween 75 and 150 throughout the bro 
frequency range. The diameter of the 
p used in the t-r-f circuits of broadcast rece 
Fic) saree varies from 14 to 1 in, and the size of 
1a, 4-—T-rf interstage eopper wire used for winding the coils is usta 
4 ae between Nos. 20 and 35 B. &S., the larger 
being used in the short-wave coils of “all-wave” receivers. | Litz wire 
cores molded of finely divided iron particles are frequently used to 
prove the Q of t-r-f transformer coils. The position of the core wit 
a oN is ots ete so that the inductance of the coil cam 
adjusted to # desired value, sens : E ritical coupling at the I-f end 
Considerable. shielding is required in sereen-grid r-f amplifiors endl of the range, the selectivity of this type of transformer can be made 
prevent coupling between circuit elements and wiring which may likew® iors aoe e ee the Porodieast ange than one using a single tuned 
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circuit. Figure 7 shows the selectivity aca oe tuned-cireuit i-f bse thin both baie se to pera is equal to 
is type. ‘The voltage gain provided by a couph § 1B) i % 

cae e° Girewt bref transformer ig lB] = S* Xmen X recs 

mately one-half that which 

obtained from a transfor 

a single tuned cireu 


‘Tho selectivity characteristic may be determined by 


Bg. 5 eM cater ot 
13. Untuned R-f Amy By = 8 OB + j(Qi + QDB) + WIM? * SCC 
A stage of untuned xf here #1 is the voltage developed across the seconda: : 
i + E ry of the transformer; 
ion is sometimes used Bris the voltage applied to the grid of the nmplitier tak the trans- 
ns. where additional conductance of the amplifier tube; M is the mutual inductance between 
desired without the need for Primary and secondary; 7; and rz are the effective series resistances of the 
additional selectivity which: imary and secondary; Q: and Q: are the wl,/r of the primary and secondary, 
be provided by of Bippoct vey; Bin Safle wceoy Ie th coe Cea ine sonny, 
amplification. | Fij fis any other frequency; and C: and Cs are the primary and secondary 
untuned amplifier stage w ‘capacities. 
been used in broadcast To obtain maximum gain in an i-f amplifier stage, the L/C ratio should 
A tube in this amplifier s be the maximum which will give the desired frequency stability. If the 
provide a gain of approx’ L/C ratio of the tuned circuits is made too high, the variations in the 
Fro. 7.—Selecti throughout the broadcast! inter-clectrode capacity of the tubes may cause a serious misalignment of 
of coupled tuned-cireuit t-r-f trans- quency band; 4.5 at 5 Me the tuned circuits. ‘The capacity used to ia pa 
former. at 15 Me. . tune the intermediate frequency circuits 5 6 KS TO Ts AO 
14. The i-f amplifier in a superheterodyne is the major fi therefore seldom less than 30 or 40 uuf. 
determining the receiver sensitivity and selectivity. E The width of the frequency band which = & = 
Modern superheterodyne receivers use an i.f. 4 coupled tuned-circuit transformer will = i 
SAE 


nirgl = 


455 ke, One hundred seventy-five kilocycles is used to a limited 
in receivers which are designed to cover only the tuning range 


i 


ie is controlled by the coupling between 
* two tuned circuits and the effect 
sistance of the circuits. If increasin; 
® coupling between the circuits until 
transformer passes the desired fre- 
quency band causes the top of the 
tivity characteristic to become 
double-peaked; it can be made flat by 
Mcreasing the effective resistance of one 
Sr both of the tuned circuits. ‘To obtain 
Same selectivity characteristic in kilo- 
tad at 455 ke as at 175 ke, the Q of 
‘ tuned circuits must be approximately 
25 times as great. ‘To secure compact 
hed cireuits having the Q required (SO to 
) to give satisfactory selectivity at 455 


2 8 oss 


i 
1 


[ 


Relative Amplification 
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| 
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the coils are frequently wound in, Fic. 9—1 
Fra. 8.—Untuned r-f stage. fictions using Litz wire. A two-to-one {tency selectivity charucteris- 


| 
| 
& 

Relative Amplification (CurveB) 


at 
Intermediate-fre- 


£ 


: ; HPvementin the Qof coilssuitable fora jf" Yinee stage tee UE 
550 to 1,500 ke, while 455 ke is used in receivers whose tuning tierke i-f transformer can generally be : : : 
includes the international short-wave bands. Nearly all i-f amy oa ed through the use of cores molded of finely divided iron particles 
make use of transformers employing two coupled tuned circuits. nd an insulating binder. : ; r 
selectivity characteristic provide y a transformer of this type biel typical i-f transformer consists of two universal-wound coils assem. 
made substantially flat-topped if the coupling between the two tui” 88 insulating support such as a wooden rod or piece of bakelite 
circuits is adjusted to near the critical valu togiiz:, These two coils constitute the inductive elements of two tuned 

sdecattonta fnbled circuits. One of the tuned eireuits is connected in the plate 
teristics which are given the most considoratiogy a Feuit of the amplifier tube and the other in the grid circuit of the suc- 
mplifier are gain and selectivity. These characteri Mecding tube. The electromagnetic coupling between these circuits 
lated or determined experimentally. The gain 


The two chi 
design of an 
either be cal 
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determined by the spacing between the coils. The tubing or 
which the coils are wound is mounted on a plate of insulating m 
such as porcelain or isolantite. On this plate are frequently mo 
two mall adjustable condensers that are used to tune the two o 
tuned circuits. Care must be exercised in the design of these cond 
to ensure that the capacity of the condensers remains constant g 


representat 


A voltage ampli 
of several 


a single i-f transfo 
nce in excess of 


usually from 15,00 
30,000. gain in the amplifiers using two transformer 
one amplifier tube is 10,000 or less. The am i 
transformer amplifiers is usually held considerably below the op 
value to prevent instability. ; 
16. Frequency Converters. In a superheterodyne _ receiver 
received signal wave is changed to a signal wave of ani.f. ‘This chan 
accomplished through the medium of a frequency converter, whieh 
sists of a detector and variable-frequency oscillator. ‘The d 
frequently called the first detector owing to its position in the circuit. 
In some receivers the first detector is a negatively 
and operates due to the curvature of the E,-/, characteristic, 
reccived signal voltage and a voltage from the local oscillator are 
impressed on the grid of this detector. The beat-frequeney 
produced by: the rectification of these two currents is impressed on at 
circuit connected in the plate circuit of the detector. ‘The majo 
receivers, however, employ a pentagrid converter as the combined @ 
lator and first detector. The coupling between the oscillator and | 
detector, when this tube is used, is obtained through thé electron 
in the tube. The reaction frequently encountered with two-tubel 
quency converters that employ gnetic or electrostatic coup 
between the oscillator and first detector cireuits is thus avoided. 
freedom from direct coupling between the oscillator and first d 
resulting from the use of a pentagrid: converter makes it possi 
prevent the radiation of the oscillator energy by the antenna 
without employing an r-f amplifier stage ahead of the first di 
‘The efficiency of a frequency converter is a function.of the conv 
transconductance of the tube employed as the first detector. 
sion transconductance is defined as the ratio of the i-f current thi 
the i-f transformer primary in the plate circuit of the first detector t0 
r-f signal applied to its grid. The conversion transconductance @ 
typical pentagrid converter is generally somewhat higher than 
obtained from an r-f pentode used as a first detector and may vary fi 
300 to 500 micromhos, depending on the potentials applied to the & 
electrodes. 
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In several receivers a separate oscillator tube is used in conjunction 
ith a pentagrid converter. Greater flexibility in the design of the 
circuits is thus permitted since the separate tube has a con- 


1, To maintain a constant-frequency difference between the oscillator and 
irouits. 

2. To minimize variations in the oscillator frequency with variations in 
the supply voltage und variations in tubes, etc. : 

§, "Lo maintain a constant oseillator voltage on the detector grid throughout 
the tuning range of the receiver. ; 

4. To minimize radiation from the oscillator in order to prevent interfer- 
fnco in nenr-by receivers. 


16. Methods of Maintaining Constant-frequency Difference. Three 
methods have been used to maintain a constant-frequency difference 
between the oscillator and first detector in unicontrolled superheterodyne 
receivers, 


— The first method makes use of straight-line-frequency condensers and 
fequires that the oscillator rotor be displaced with respect to the r-f cireuit 
Totors by an amount sufficient to give the proper frequency difference. This 


‘rrangement has the disadvantage that the useful tuning range of the con- 


rs is reduced by the amount that the rotors are displaced. For this 
‘eason this method cannot be used where the i.f. is high. 
Tho second method uses a gang condenser in which the oscillator condenser 
ites have a special shape. This method of oscillator and t-r-f circuit 
‘aligninont is fot. suitable for use in all-wave receivers which cover soveral 
Wave hands but is frequently used in receivers which cover only the normal 
broadcast frequency range. " 
The third method makes use of condensers of equal capacity for both the 
and oscillator cirouits. This mothod is used exclusively in all-wave 
feeeivers and in many receivers which cover only the 
Rormal broadcast frequency range. It is suitable 
for an if. of either 175 ke or 465 ke. The con- 
Mtant-froquency difference between the t-r-f and 
‘Seilintor circuits is obtained through the use of a 
Sombination of shunt and series condensers in the 
lator cireuit. ‘The oscillator in superhetero- 
mae receivers is generally tuned to a higher fre- 
ey than the t-rf circuits, since a smaller 
tage change in frequency is required and a 3+ 
ler change in capacity is therefore necessary to 4g 10,—-Ty pical 
luce the desired variation in the oscillator fre- Shceeepteio voaede 
“y. The oscillator tuning inductance is there- barentys v 
Falgg aller than that of the rf circuits, and its _—S 3 
faite is such that the correct frequency difference “ 
withe® the oscillator and t.r-f is obtained at the middle of the tuning range 
tnt caual capacity in each cireuit. The combination of shunt and series 
wlensers used in the tuned oscillator circuit maintains the frequency differ- 
Pee constant throughout the tuning range of the receiver. A different cot 
pation of shunt and series condensers is used with each tuning range in 


alls 


Mwave receivers. 
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‘These condensers are shown in Fig. 10, Condenser A is the 
tuning condenser. Condenser B is the fixed-series capacity. 
C is a small adjustable condenser for accurately adjusting the total 
Condenser D is the small adjustable shunt condenser, 
‘al values to maintain a frequency difference of 175 ke 


Main tuning capacity A. 
‘T-r-f tuning inductant 
Oscillato: ng inductance. 
Fixed-series capacity B. 
Adjustable-series eapacit 
Adjustable-shunt capacity D...... v 540 
‘The equations for calculating the cireuit constants in a system of 
type are given in See. 6. - 
igure 10 shows a typical oscillator cireuit used in superhet Acoustically Compensated Volume Control. volume-control arrange- 
receivers. It will be noted that the tube is connected across only a ment has been Maton ‘a number of broadeast receivers in which the over- 
tion of the tuned circuit so as to minimize the effect of tube varias all frequeney-response characteristic of the receiver varies with the audio 
the oscillator frequency. output level. This type of volume control has been called an acoustically 
17. Tone Controls. " A considerable number of broadcast receivers ‘compensated volume control and is intended to compensate for the variation 
erulpptdiwith s bt tous conte in the frequency-response characteristic of the car with amplitude. 
is a device that enables the user 
receiver to vary the over-all 
characteristic of the receiver. 
usual tone control operates on i 1 
portion of the a-f system in 
eorginee manner as to vary ‘the hen “ 
“igure 11 shows the most gene1 
Fia. 11—Tone-control circuit. oF “agcomplishing this result. In : 
‘ers employing resistance-coupled amplifier stages, the variable Seo = 
combination is shunted across the plate load resistor. 
‘The advantages of a h-f tone control are as follows: 0} 


1, Noise encountered when receiving distant stations can be redu 
vce oly f decreasing the h-f response of a receiver through the 
tone control. 

2. All broadcast transmitters do not have the same fidelity chara & 
and a tone control permits the user to compensate for some of these vai 7 

3. The frequency-response characteristic of the ear varies with the int 
of the sound. A tone contro! compensates for this characteristic. 2m 


‘A Lf tone control is used in some receivers so that I-f interference 
be minimized. Such interference can be caused by a |-f hum on ] 


O25 uP 


4 Fic. 13.—Tone-compensated volume control. 


| 
cS 


Te 


WO 300 
Frequency in Cycles per Second. 
Fic. 14.—Variation of l-f and h-f response with volume. 


30 a S060 


Reducing the audio output of a receiver to. a low value with a typical 
Yolume-control system gives the listener the impression that the very low 
nd high frequencies have been attenuated and the middle frequency 


carrier wave of a transmitter or by the beat note between two 
mitters operating on the same channel. ‘The intelligibility of the 
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ange of the manual control is used only to yary the actual audio output. 
ae® (he manual type of volume control, only a small fraction of the total 
ation of the control es he required to change the sound output from 
“yninimum to maximum. The manual type of control is therefore likely 
be very critical to adjust. r. 
Figure 16 shows a typical a-v-e- arrangement. In this system the d-c 
S component of the rectified output of a detector is used as additional 
ie af Y v S fontrol grid bias for the r-f and i-f amplifier tubes. A single tube per- 
definite relation should exist between the audio output level and forms the dual function of providing the control grid bias and demodulat- 
quency-response characteristic of a receiver equipped with an aco 5 
compensated volume control, necessary that the audio output Dekand ANC: Ist A-F 
given setting of the volume control be substantially independent 
strength of the received signal. Some form of a.v.c. is necessary to: 
this Weippe 
18. Volume-control System. The two types of volume control 
are used in broadeast receivers are manual and automatic. 
‘The control of volume in both types is generally accomplished by. 
ing the transconductance of the amplifier tubes through a change 
potential applied to the eo 
[tire This method makes 
f contr 


stoke te Fig. 16.—Combination detector—volume-control tube cireuit. 
BES) Ia oad Mae o ing the received signal. ‘The output. level is controlled by varying the 
. The audio amplification. h wer to reproduce faithfully the 
ore the variable control grid p the rectifier from which the a-v-e 
does not need to supply power intent i 


substantially linear input-output 


is a prerequisite of any simple: characteristic. A diode rectifier, with a load resistance of several 


system, 


- er hundred thousand ohms, provides'n rectifier that is sufficiently linear. — 
- Serious distortion and cross: Response and Recovery Characteristic, A resistance-capacity filter is 
$ ulation may be introduced lxually used in the output cireui 
the use of this type of volum of an a-v-e rectifier. This filter 
} trol if an amplifier tube is b pfevents the a-f components i 
Cathode Oheriotme Tear the cutoff point and the ap the output circuit of the rec 
na eg Signal potential is large. Th ‘ing applied to the ampli- 
tortion and cross modulation: is. ‘The time constant of 
Rid functions of the third and 


rapa -c rectifior output eireuit 
pte Pia derivatives of the E,-/, ch should be sueh that the lowest 
Fig. 15.—Volume-control circuits. {tie of the tube, : as 


distortion, it is advisable to proportion the volume-control po “eause \ i " ? 
applied to the grid of the individual tubes inversely with the Ae an ee emake 
voltage on cach tube. ‘The use of remote eutoff amplifier tubes is de Se, however. an tok 
in a control-grid-bias volume-control system which must take ¢# hoticeable delay’ when the sy: 
wide variation in the strength of received signals. ‘Two arrang pee gegen 
which are frequently used to obtain manual volume control ar ill stat 


Fra. 17.-Avoiding detector distortion. 


y Fig. 15. 

19. Automatic Volume Control. Automatic volume control is 
almost universally in broadcast reecivers. It has the advantage 
practically the same audio output is obtained from the receiver irre 
tive of the input. This is an advantage in tuning from one s 
another where a considerable difference exists in the relative field st 
of the stations. It also has the advantage of compensating for 8 
the more serious effects of fading. Automatic volume control 


makes the manual adjustment of volume less critical since the & ‘For deseription of this cireuit see Art. 48, p. 455. 
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When no signal is applied to the diode, the control grid is at 
potential and a d-e drop of between 50 and 100 volts occurs acro 
cathode resistor. The diode anode A is connected through a suits 
resistor to the plate-suppl tem at a point sufficiently negative 
respect to the cathode to give the desired delay. When a signal is 
to the signal diode, the control grid becomes negative and the drop 
the cathode resistor decreases. 
the amplitude of the received 
exceeds the predetermined level, 
cathode of the tube becomes n 
with respect to the anode A, and eu 


flows through resistor #” causing: 


inerease in the negative bias om 
amplifier grids, 

21. Selectivity-Ahead of A-v-c 
tem. In some receivers employi 
separate a-v-c rectifier, this 

Cathode Plate is connected to a point in the 
for Amplifier Tubes 
Fig. 18.—Double-diode triode as 

a-v-c, tube. 


greater than the si 


sensitivity and 
the same selectivity was _ ". 
detector. This difference in selectivity should not ex 


the reduction in sensitivity, when tuned off reson: 
sig nal, will be so great as to prevent the reception of a weak signal on 
adjacent channel. 

22. Biasing the Amplifier Tubes at Different Rate: 
type of distortion frequently encountered in volume-control systems 
to the curvature of the E,-1, characteristic, it is desirable to propo 
the volume-control grid bias for each amplifier tube inversely as the: 
potential applied to the tube. ‘The method generally used for a] 
mating this relation is to provide one or more taps on the a-v-€ 


resistor. The r-f amplifier tube is connected to the resistor; henee t 


entire potential drop is applied to its grid. The i-f amplifier tubes 
connected to the tap or taps on the resistor so that they receive one 
or less of the total a-v-c voltage. 

23. Separate Channel or Parallel A-v-c Systems. In some 
a separate i-f amplifier stage is used to feed the a-v-c diode. The 


the sepgrate channel, which is usually designed to have higher gain th 


the normal signal channel, makes it possible to provide » delayed 
having a very flat characteristic. ‘The use of the separate channel 
makes it easy to provide less selectivity in the a-v-c channel than it 
signal channel and still provide a high signal voltage at the a-v-c re 
Another expedient which ean be used with the separate channel 
system to give a very flat a-v-c characteristic is to apply a part of 
a-v-c potential to the amplifier tube in the signal channel followia 
point at which the additional a-v-e amplifier tube is connected. 
must be exercised in determining the control potential to be applied t@ 
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Jifier stage following the point in the normal signal channel from 
eaeh the Conrol potential is derived. If the control potential applied 
fo such a stage is too great, the a-v-c system may be overcompensated 
‘and the receiver output may nelly decrease as the strength of a 
received signal increases. Figure 19 illustrates an a-v-c system employ- 
fng separate amplifier stage. In this arrangement a portion of the 


ANC. EF AVC. 


Fic. 19.—Amplified a-v-¢ arrangement. 


control potential is applied to the signal amplifier tube subsequent to the 
to which the separate a-v-c amplifier tube is connected, 
24. Tuning Indicators. The majority of console radio receivers aro 
provided with a tuning indicator which enables the user of the receiver to 
tune it accurately by eye to a desired station, The visual indication of 
Tesonancesis usually obtained — 2p : 
| 


through the use of a 6U5 or 
similar electronic device in & 
Which the shape of the pattern gn 
‘on fluorescent screen is con- 2 
trolled by the potential applied 
Lo one of the device’s electrodes. $n 
The control potential in the 
Majority of receivers is ob- 
tained from the a-v-c system. & 4 
leceivers designed to pass a § | +1. Ks 
Wide frequency band, such as i) Lal HO 00 
high fide lity receivers, are Rodio Frequency Microvolts (RMS)at First R'F Grid 
Usually provided with a special Fic. 20.—Automatic. volume-control 
fontrol cireuit which is much characteristic. 
§hore selective than the normal signal channel. This selective control 
fireuit is tuned to the center of the i-f pass band, and the deflection 
of the pattern on the fluorescent sereen of the 6U5 thus accurately indi- 
Sates when the receiver is in resonance with a desired signal. 

8. Noise in Receiving Systems. The source of the noise w 
frequently obtained in the output circuit of a receiving system may either 
be located external to or within the receiving system, The two general 
Sources of noise which are external to the receiver are as follows: 


l 
lI 
UH 


a at 
| 
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1, Atmospheric static, 


2. Man-made static. and the grid of the first tube and Z is the effective impedance in the grid 


Sireuit of this tube. ; 
26. Complete Receiving System. ‘The usual broadcast receiver con- 


The expedients which are employed in receiving systems to mini sists of the following elements: 


noise due to these types of interference without. sacrifi 


of the system are to employ an antenna system wh i n i 

mploy 4 system which will provi 1, The receiver chassis. ¥ 
favorable a signal-to-noise ratio as possible and to use sufficiont oft 2. The loud-speaker. 
on the receiver chassis to prevent the noise being picked up hy the 3. The cabinet. 


sina 
The two chief sources of noise which are located withi 
system are thermal ogiation and shot effect, ne in 8 


In the majority of receivers the r-f, i-f, a-f, and power supply circuits 
are assembled as a single unit. In a few receivers the power supply 
pi rectifier and filter system and the power output tubes are mounted on a 

Thermal-agitation noise ix due to the random motion of the electro arate base. eee 
A conductor. ‘The noise voltage introdied into a cireuit by this cause MMrie tuning condenser in a large number of broadcast, receivers is 
he talonlated from: the'equasion, y mounted, with respect to the chassis, by means of soft rubber 
= 549 x 10-972 The complete chassis in many receivers is also flexibly mounted 
rots Ys fa ~ jh the cabinet. ‘These precautions are used to prevent acoustic feed- 
where é? = moan square thermal-agitation voltage buck in receivers which are capable of producing a high power output. 

T = absolute temperature of the conductor (273 + °C.) Acoustic feedbacks are cau by the loud-speaker vibrations being 

Z = resistance of the conductor or the resonant impedance of a transmitted through the cabinet to the receiver chassis and thence to 
fend tuning condenser or some other circuit clement which is eaused to vibrate 
sufficiently to intermittently detune the receiver at an a-f rate. If the 


df = frequency band width factor. 


“The numbe i 4 ak 
Tree anneal Sperone emnitied| bythe, eathode ot.» sharmiogy proper phase relations exist between the loud-speaker vibrations and the 
Voltage in the circuit through which these electrons pass. This wack variations in signal intensity which result from the vibration of the con- 
electron emission has been called shot effect. 3 denser plates, sustained oscillations may be produced. 


The following equation gives the voltage introduced in a circuit by 27. Shielding and Filtering. It is common practice to confine the 
cause; rf and i-f cireuits in metal containers which provide both electromagnetic 
BE = 3.8 x 10-12" af and electrostatic shielding. Tube shields are used with “glass” type 
ane I tubes to prevent coupling between tubes and between the grid and plate 
where ¥ za meean-ecoage shot-effect voltage (without charge) Portions of individual tubes. When metal tubes are used, these shields 

= egtron ora ed dian are not required. In some instances shielded leads are used to provide the 
ci atencetey Pend waoeeer ae connections to the grids or plates of amplifier tubes, but in general the 
st necessity for such shielding is avoided by so locating these leads that they 
The space charge obtained in-a vacuum tube under normal oj ally isolated by the tube shields and the metal containers for 


conditions reduces thgeshot-efiect volt oI and i-f circuits. 
value. tage to about one-half the Care must be exercised in locating the power™transformer and filter 


"The thermal-agita and shot-eft . : . Feactor on the receiver chassis, otherwise the electromagne field 
of a receiver usually originates in Seeidena oad i ecu Produced by these units may induee an appre iable hum roltoge in) €ho 
of the first tube, "Where the gain in tha tbe se very low; Chase Mf circuits. “It is desirable to keep these unite separated from the 

contribute to the noise. much as possible, and it is frequently necessary to deter- 


tally the best location for these components by connecting 

uit with flexible leads and orien hem until a position 

reduces the hum to the desi minimum, 

y filters are frequently used in the voltage supply 

lectrodes. These filters are employed to prevent 
ts in the system which differ in signal potential 

itional filtering for the voltage fluctuations which 


ince both types of noise are introduced as a series of 

} 1 noise ay ; nse 
circuits in which the noise is introduced are excited ¥ 
to which they ate tuned. ay sepaeish shes “en 
__ The shot-effect voltage developed in the plate cireuit of leads for the wa 
in proportion to the square root of the plate foci er = or is ais 
plate load impedance has no direct effect on the signal-to-noise page 

since both factors are changed in the same ratio. - High gain in the ae renin Sa 


tube with low plate current is th . A iY exist at the output of the B supply filter. The d-c drop which can 
noise. P is therefore desirable to minimize ah be tolerated inns given exrcuit is freauently a limiting factor in the uso of 


‘Thermal-agitation noi: i Such filters. When r-c filters are used in circuits in which the average 
Aa EnEN Hie toe Odeon. ee eae ee Surrent varies during the operation of the receiver, itis essential that the 
system from the thermal-agitation noise standpoint may be ene, characteristic of the filter be such that the voltage on thi 


2 < IJ/Z. wi i é tlectrode can return to its normal value in approximately 19 sec., other- 
as the ratio of g/4/Z, where g is the voltage gain between the ant Wise noticeable interruptions in the roared program will be obtained 
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when sudden changes in the average current occur. This problem 
most frequently encountered when r-c filters are used in the plate 


screen circuits of tubes which are controlled by the a- ystem. 
28. Loud-speaker. The electrodynamie loud-speaker is used in 

stantially all the broadcast receivers which are produced today. 
29. Cabinet. The cabinet for a broadcast radio re 

three requirements: 


1, It must house and protect the receiver chassis and loud-sp 
mecha 


ne 
2. It must provide sufficient baffle area for the loud-spenker to give 
dosired I-f response, 
Tt must serve as a piece of furniture which will harmonize with | 
furnishings in the room in which it is to be placed. 


80. Single-dial Tuning Problem. One of the major problems in 
design of a unicontrolled broadcast receiver is the maintenance of 
proper alignment of the tuned circuits throughout the broadcast 

quency range. To main 
such alignment normally 
quires that the indueta 
and variable condensers 
made very uniform. Itis¢ 


Primary 


less than 0.5 per cent. 
are also employed whieh 
wound in two sections, sut 


Fig. 21.—Method of varying inductance 


slightly for tracking purposes. more ofthe furns inal 


sections. The total inductance of the coil can thereby he adjusted 
any desired value. Adjustable iron cores are used in some receive 
give the coils the desired inductance values. 

81. Push-button Tuning Controis. The majority of automobile 
receivers and a large number of home receivers are equippe pu 
button tuning controls. ‘Three general types of push-button tum 
arrangements have been used. 

The first. type makes use of separate tuned circuits for e: 
button. These circuits are tuned to the desired station by 
condensers or variable iron-core inductances which are provided 
screw-driver adjustments, The push buttons operate switches Wl 
select the sroups of tuned circuits that have been pretuned to the desi 
station. ‘The number of stations which can be tuned in on sue 
receiver is limited to the number of push buttons and groups of 
circuits. 

‘The second type of push-button tuning control makes use of a gf 
condenser so that the receiver can be tuned continuously through 
entire frequency range covered by the receiver, ‘The push-button t 


is accomplished by cams which rotate the gang condenser to the pra 


position to tune in the desired station. The cams are generally 
circular or U-shaped. When a push button is depressed, the top 


a and b in Fig. 21. One 


a can be moved with respect 
n bso as to increase or decrease the spacing between the two 6 
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» leg of the U is brought in contact with a rocking plate which is 
ood so ene vel thevoondenser, As the push button is further 
jepressed, the cam causes the condenser rotor and the plate to rotate until 
the other leg of the U also comes in contact with the plate. ‘The U-shaped 
ams are held in a clamping eee which permits easy adjustment 
to any position which will cause a desired station to be tuned In some 
fecvivers a solenoid is used to supply the force which causes the cam to 
yotate the gang condenser to the desired position, In this ease the only 
function of the push button is to select the cam and close the electrical 
circuit through the solenoid, ‘This arrangement is likewise suitable for 
ganged iron-core tuning. ; ; 

In a third type of push-button tuning control a gang condenser is also 
used, but the condenser is rotated hy an electric motor. The push 
button makes contact with a slip ring attached to the condenser rotor 
shaft and closes the cireuit through the motor. When a push button is 
depressed, the condenser rotates until an insulated segment on the slip 
ring opens the circuit. The angular displacement between the insulated 
segment on slip ring and the condenser rotor can be adjusted so that any 
desired station can be tuned in. ‘This type of push-button tuning control 
is frequently used to provide remote tuning control. ‘The remote-control 
unit with the required number of push buttons is connected to the receiver 
through a multiconductor cable. 


‘$1(0n volcantrol) $2000n total 


Pie 


Donot connect ground 
“+ ——“190alinpower cord) — ‘to chassis 
Fic, 22.—Typieal t-m-f receiver. 

82. Tuned-radio-frequency Receivers. Tuned r-f receivers are no 
longer produced except as the least expensive receivers of the midget 
Typo. Figure 22 shows the schematic diagram of a typical receiver. | 

38. Superheterodyne Receivers. ‘The case of obtaining high amplifi- 
Cation and a high degree of selectivity with a minimum of shielding allows 
Considerable flexibility in the design of a superheterodyne receiver. 

ifficient amplification ean be obtained in the r-f and i-f ei so that a 

letector and single stage of a-f amplification are sufficient to provide the 

esired sensitivity. ‘The general tendency in the design of superhetero- 
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dyne receivers has been to take advantage of the high degree of selecti 
which this type of receiver can provide at a Open sacrifi 
fidelity. ‘The superheterod: however, lends itself just as 
to the design of a high-fideli 
tuned circuits ean readily be realized in this type of receiver. 

34. Superheterodyne Characteristics. The adjacent-channel 
tivity and fidelity uperheterodyne receiver ean be determined 
from the characteristics of the individual components of the receiver, 

Figure 23 shows the gain from the antenna to the grid of each 
Figure 24 shows similar curves giving the total selectivity contribs 
by the tuned cireuits betwe 
antenna and the grid of 

. To obtain the cury 
Fig. 24, the selectivity cu 
the individual circuits are 
ted to the same scale on log 
mie coordinates. The 0 
selectivity characteristic 
are then obtained by lay 
for each frequency .a dis 
which is equal to the sum 
distances which represent 


5, 


iA 


same frequency. ; 
Ist Ir late Griz two sets of curves (Figs. 
SS] 2byitis possible to determin 
voltage on the grid of each 
from a local station when 
receiver is tuned to 9 
station on an adjacent chs 
Such a determination is 
quently desirable in this t 
receiver where the selec 
contributed by the 
tween each tube is not unif 


iN 


‘Amplification from Antenna to Each Grid 


selectivity between eae 


Frequency, kilacycles, 
must be properly propot 


Voltage gain in superhetero- 
dyne receiver, 


station may be sufficient tod 
grid current 6n one of the tubes even if the over-all selectivity of 

ver is sufficient to separate the signals from the local an 
stations before they reach the second detector. 

35. Superheterodyne Interference Problems. ‘Che selectivity 
superheterodyne recei Pv ned in Fig. 24 is not.a true indie 
of the actual selectivity ver under all conditions, as this 
of receiver is susceptible to certain types of interference which are 


encountered with a t-r-f receiver. ‘Th 
ences is a result of converting the received signal to ani.f. ‘The follo 
classification gives the more important possible sources of interfere 
common to a superheterodyne receiver in which the i.f. is lower than 
frequency in the tuning range of the receiver. 


sec. 18} 


receiver since the advantages of coup 


‘ref circuits, a signal which can pro- 


ordinates of the individual § 
leetivity characteristics fort 


‘This relation between gain: 


otherwise, the signal from a le 


sceptibility of these inter 


RECEIVING SYSTEMS 445 


maye-frequency interference: If f is the oscillator frequency in a super- 
Bases and ce the Of eretaik fopromsod on the fel garsctor, aria 
poterencies of either f+ 1 otf ~ LP, will be heterodyned to the j.f. am 

through the receiver. It is therefore necessary to prevent one of these 
Pamals (rom reaching the first de- wooo 
tector: otherwise, timage-fremency 
ferprforence Will ‘result.  Radio- 
cirenits, tuned to the 
h it is desired to receive, 


ence. 
suporheterodyne receivers is usually 
tuned to « higher frequeney than the 


H 


duce image-frequeney interference 
‘must have a frequency of fi + 2/F, 
where fi is the frequency of the 
desired station. 
When a received signal is succes- 
sively heterodyned to two inter- 
medinte frequencies, as is the case 
in some superheterodyne receivers 
used ornmunication work, there 
more than one sigt that can 
cause imago-frequency interference 
with any desired signal. For ex- 
ample, if f: is the frequency of the 
desired signal and J¥; and IF: the K+ 4-144 
two intermediate frequencies, then 
Interference can be caused by signals, I 
whose frequencies are f; + 31F and 
fi ~2IFs. It is assumed that both 
oscillators are tuned to a higher 
frequency shan the signal frequency, 
the circuits ahead of the socond ae 
terodyne oscillator and associated detector must provide the selectivity 
Hecessury to avoid interference by the fi — 2//'s signals. 


Field Strength Ratios 


Fra. 2 uperheterodyne selectivity 


characteristics. 


i a i \ 
vy W i) Ww wo mM ON WO 8000 
> .. Frequency, cycies pe send 
1. 25.—A, wide-band attenuation due to rf ci 
B, over-all fidelity character 


1its of superheterodyne: 
ie, 


tor Interference due to harmonics of the oscillator heterodyning undesired sta~ 
We: Ua signal having a frequency of 2f + ZF is impressed on the first 
Tondo, it will cause interference with the signal being heterodyned by the 
ndatnental oscillator frequency f. Tuned r-f circuits ahead of the first 
tor reduce the possibility of this type of interference. 
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3. Interference due to stations which are separated by the i.f.: Comb 
of signals are sometimes encountered which are separated by the inte 
frequency, and, if such signals are permitted to reach the first detector, 
ference will result. ‘Tuned r-f circuits ahead of the first detector arg 
used to prevent this type of interference. 

‘4. Interference duc to harmonics of the juced by the second 


When the 8 lower than any frequency in the tuning range of the reeei 


certain harmonies of the fall in the broadeast frequency band. 
harmonics, which are prounsed by the second detector, are of sufficient, 
tude and are fed back to the input system of the receiver, they will 
interference when a station is received whose frequency is equal to a parti 
harmonic of the i.f. With_an i.f. of 175 ke this type of interference is lil 
to be encountered at 700, 875, 1,050, 1,225, and 1,400 ke. This type of i 
ference is eliminated by careful shielding of the second-detector circuits, 
Responses when the difference frequency is less than the i.f.: When 
frequency difference between the oscillator and the signal 
first detector is one-half or one-third the i.f., a secon 
the beat frequency may be produced in the first detector 
amplified by the i-f amplifier. Interference with « desired signal m 
produced in this way. If sufficient selectivity is used ahead of the 
detector to prevent image-frequency interference, interference of. this 
will also be avoided. 


36. Sources of Interfererice When the LF, Is Higher Than the 
Frequency. In some all-wave receivers the if. is higher than the si 


frequency throughout one tuning range. When this condition exists, t 


potential sources of interference differ from those enumerated 
nterference may result from the following causes: 

1, Interference due to harmonics of the received signal: If the tuning 
includes a signal frequency equal to one-half or one-third the r.f., 
signal inay produce harmonies in the first detector which will be 

by the if amplifier, "Intermedinte-froquency signals are thus prod 

out the use of the heterodyne oscillator. ‘The frequency of the 

duced in this way does not vary as the receiver is tuned. The local oscil 
also heterodynes the signal to the i.f., but the i.f. thus produced varies ag 
receiver is tuned. When the receiver is tuned through such a signal, # b 


note is produced by the two i-f signals. Selectivity ahead of the first 


will restrict the tuning range over which interference is encoun! 
but cannot eliminate it when the desired signal is the signal causing 
interfere 

2. Interference due to two signals whose sum frequency equals the 
two signals are impressed on the first detector and produce a sum freq 
equal to the heat note is produced as the receiver is tuned thrat 
desired signal. Under this condition two i-f signals are produced, one 
which remains fixed in frequency while the other varies as the receiver 
is changed. Since the signals which ean produce this interference ne 
adjacent channels, the selectivity which must be used ahead of 
detector to avoid entirely this interference is equivalent to that n 
used in the complete receiver. 


87. Choice of the I.F. ‘The choice of the intermediate frequency f 
supetheterodyne receiver is a compromise between the following fact 


1, With a given t-r-f system ahead of the first detector the possibil 
encountering image-frequenc: 
Under the above con 
stations separated by the i. 
ibility of interference due to harmoni 


. The poss being 
back from the second detector to the input of the receiver increases as the 
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je raised, since lower harmonies appear in the broadeast band and the ampli- 
Hado of the harmonies which can cause interference is therefore increase 
a° The difficulty of obtaining a high degree of selectivity and amplific 
in an i-f amplifier is increased as the i.f. is raised. : : 
The majority of broadeast receivers employ intermediate. frequencies at 
either 173 or 455 ke. The higher i.{. is used in all-wave receivers to 
nize image-frequency interference and reduce reaction between the 
miniintor and Bret detector circuits when the receiver is tuned to high signal 
frequencies... With an if, of 175 ke the fourth harmonic is the first to appear 
frie broadcast range from 550 to 1,600 ke. ‘The second and third har- 


monics of a 455-ke i.f. appear in this tuning range. 
98. Tuned-radio-frequency Circuits. The t-r-f circuits ahead of the 


ion 


| first detector in a superheterodyne receiver are used primarily for 
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Fro. 26.—Attenuation of one, two, and three t-r-f circuits. 


climinating certain types of interference common to the superhetero lyne 
type of receiver. Figure 26 shows the attenuation of one, two, and three 
t-r-f cireuits for frequencies up to 800 ke off resonance when tuned to 600 
ke. From curves of this type it is possible to obtain the image-frequency 
tatio for any given r-f system which may be used ahead of the first detec- 
lor. Image-frequency ratio has been termed the ratio between the field 
Strength necessary to prodifce standard output from a superheterodyne 
At the image frequency and that necessary to pane standard output 
At the frequency to which the receiver is tuned. ‘The image-frequeney 
Tatio provided by modern broadeast receivers is usually about 20,000: 1 
in the tuning range from 540 to 1,600 ke. With an image frequency of 
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460 ke this ratio can be obtained with two tune ireui 

gombination provides an image-frequency. ratio of betwsen 00:1 
20:1 in the tuning range from 10 to 20 Me. Care must be exerci 
: ¢ design of a superheterodyne receiver to use sufficient shielding so 
the actual selectivity of the t-r-f cireuits is realized. If a reaso1 
amount of shielding is not used, signals which will cause image-frequ 
interference may be picked up directly on the first detector pebe 


the bene ireui ji 
a ees fit of the t-r-f circuits between the antenna and this detector 


Fia. 27.—Regenerative 
resistance control. 


39. Regenerative Recei 
shown in Fig. 27. In this arr 


28.—Single-tube 
superregenerator, 


igure 28 shows the eireuit 
e receiver in which the qu 


Fic. 29.--Superregenerator receiver for police cars. 


frei . 5 ‘ 
roaquaney is produced by the same tube which pry ides the superregenera~ 


tion. The quenching frequeney is usually between 5,000 and 20,000 
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cycles. A filter is generally used in the output circuit of the super- 
regenerative tube to eliminate the quenching frequency: so that it does 
not appear in the receiver output. 

In Fig. 29 is shown the nominee circuit diagram of a superregenerative 
receiver used in police cars for the reception of signals on frequencies 
hetween 30 and 40 Me. This receiver employs « tuned rf stage ahead 
of the superregenerative detector to prevent radiation, The 20-ke 

ench frequeney is provided by a separate oscillator. ‘Two stages of 
4-f amplification are employed, "Amateur practice on. 56 Me is to use a 
Single tube in whieh the periodic blocking of the tube is produced by the 
proper choice of grid leak and condenser. = 

41. All-wave Receivers. A large number of the broadeast receivers 
being produced at the present time cover one or more short-wave ranges 
in addition to the normal broadcast frequeney band (540 to 1,600 ke). 
"These short-wave ranges include frequencies up to 48,000 ke. 

In the majority of all-wave receivers separate coils are employed in 
the r-f system for each tuning range. A few receivers use a tapped coil 
for each tuned circuit. When such coils are utilized, the unused portion 
of the coil is always short-circuited. When separate coils are employed, 
the coils for two or more of the frequency bands are frequently wound on 
a single form. The coil windings differ considerably with the frequency 
range which the coils are designed to cover. Wire as small as No. 35 
Brown and Sharpe is used in the inductances for the tuning range from 
540 to 1,600 ke, whileawire as large as No. 22 Brown and Sharpe is used in 
some of the short-wave coils. The turns on the short-wave coils are 
ly spaced to minimize the coil | 


_30, which shows the complete circuit diagram of a typical all-wave 
receiv 

Receivers of this type are usually equipped with tuning mechanisms 

which permit the user to change the drive ratio between the tuning 


knob and the variable condenser from 10:1 to 50:1. The 50:1 ratio is 
necessary to tune the receiver accurately to a short-wave station since the 


frequency band covered in a single h-f tuning range may be over ten times 
that covered in the range from 540 to 1,600 ke. a 
g dials ‘are necessary on all-wave receivers since a separate 


required for each tuning range. In some receivers all the seales 
aro visible to the user regardless of the tuning range which is being used, 
‘4nd an indicator which is actuated by the range switch knob is used to 
lesignate the correct scale. In the dials used on other receivers of this 
type only the seale corresponding to the tuning range bein, used is 
Visible, ‘With this arrangement the dial scales are movable with respect 
to the dial opening, and the range switch is mechanically connected with 
he dial seales so that, as the tuning range itched from one frequency 
and to another, the proper scale is moyed into place. 

. Automobile Radio Receivers. Compactness and ruggedness are 
two of the essential requirements of an automobile radio re . Com- 
Pactness is required because of the small space which is usually available 
in which to mount the receiver, and ruggedness is necessary because of 
the vibration and road shocks to which the receiver is subjected, 
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Since the strength of the signals intercepted by an automobile ant 
varies greatly with the location of the ear, it i5 essential that an 
mobile radio receiver be equipped with an effective a-v-c system. 


Fic. 30.—Circuit diagram 


The plate and bias potentials for the tubes in automobile receivers 
are generally obtained from vibrator B-supply systems. ‘Two arrange 
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hich are frequently used are illustrated by Fig. 31. In the system 
mente jiagram (a), a vibrator and transformer are atsed to derive & 
high-voliage alternating potential from the 6-volt storage battery. 


5 Mona 


x 
= 
% 
+ 


of all-wave receiver. 


This, voltage is rectified by a vacuum-tube rectifier and supplied to the 
‘ereiver circuits through a conventional filter. In diagram (b) the 
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vibrator is not only used to provide the high voltage but also perf 
the function of xectification. 

‘The chassis of an automobile radio receiver is generally compl 
shielded to prevent the pickup of ignition interference on the 
circuits. ‘Two methods have been employed for preventing the igni 
systems of automobiles from causing excessive interference In automol 
radio receivers. In the first method the interference radiated by # 
ignition system is mimimized through the use of suppressor re 
in the spark plug and distributor leads, An r-f filter is used in the lead 
connecting the receiver to the storage hatte All portions of 
automobile electrical system which may radiate the interference 


Vibrator 
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Fic. 31.—B-supply systems for automobile receivers. 


as leads to the dome light, ete., are by-passed with a suitable by-p 
condenser. The objection to this method is that the resistors which - 
used to suppress the h-f oscillations may decrease the effectiveness of the 
igi n system to the point where a loss in engine efficiency occurs. : 
the second method which has been used to minimize this type of interfer- 
ence, a special antenna filter system is employed which discriminates 
between h-f ignition interference and the desired signal. = 
In a large number of automobile radio receivers all the receiver ele 


ments are assembled in a single unit. ‘This unit is generally designed for 
a specific line of automobiles and is arranged to mount behind an opening 
in the dash. 3 

43. Radio Phonograph Combinations. Many radio receivers of the 
console type and a limited number of the table tvpe are provided with & 


turntable and phonograph piekup, |The af yoltage developed by 


pickup is usually applied to the grid of the first a-f amplifier tube in the 
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(Spark plate) 


as 


Fic. 32.—Typical automobile radio receiver. 
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receiver. Many standard radio receivers are provided with terminals contains a portion of the primary and secondary inductance of the i-f 
that, connections can be made to a phonograph pickup. ‘(Monkey Chatter” Interference. Receivers reproducing high 

44. Universal or A-c-d-c Receivers. Figure 88 shows the s- i tible to “monkey chatter” interference. 
dingram of a five-tube superheterodyne receiver which may be Ne try eee aodused either by. the sade bands of an undesired 


from either a.c. or d.c. The heaters of the tubes used in receivers of pape inter cronce ‘ de he side bands of the 
fee ara conhectedl iu’ series.~” Snipe the voltage required fost Sipe) beating with toe desired carder wave cripy/ te 

ip considerably leas than the line voltage, the heaters are connestadill 
supply line through a series resistor which provides the desi 

drop. This resigtor must usually dissipate considerable heat 
number of the smaller universal receivers the series heater re 


C 
Fig. 33.—A-o-d-c receiver circui 


dissipation: of heat, The rectifier tube prevents the electrolytic 
densers from being damaged in ease the power plug is not insert 
rectly in a d-c outlet. A 


HIGH-FIDELITY RECEIVERS 


_ 49. High-fidelity Loud-speakers. Special Joud-speakers are employed 
in high-fidelity receivers to reproduce the f ik n 
ome receivers a special cone speaker is used employing a voice coil 
Wound with aluminum wire, In other receivers two loud-speakers are 
to reproduce the desired frequency range. One of these speakers 
ed to reproduce frequencies from 50 to 2,500 cycles and the other, 
frequencies from 2,500 to 8,000 cycles. ‘The h-f cnergy radiated by the 
Lsyul cone loud-speaker is concentrated in a relatively narrow beam. 

mind diffusers are used in a number of high-fidelity receivers to disperse 
this beam and produce a more uniform distribution of h-f energy. _ These 
devices consist of a number of vertical or horizontal slats placed in front 
f the loud-speaker at various angles with respect to its axis. ss 
Frequency Modulation Receivers. frequency modulation 
er utilizes the essential elements of an amplitude modulation 
feceiver and in addition requires some means for converting the variation 
in frequency into a change in amplitude. The balanced detector shown 
_l Fig. 34 is one arrangement used for this purpose. This detector system 
Minimizes the effect of amplitude variations in the received signal. A 
Foltaze limiter is frequently used ahead of the balanced detector to 

lurther minimize amplitude variations. ; 5 

‘1. Commercial Receivers. The principles underlying the design of 

fommercial receivers are the same as those employed in the design of 
roadcast receivers. 


reproduced by a broadcast receiver is extended, a correspondiny 
in I-f response range must be made to maintain a proper acoustic b 
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Ruggedness and reliability are among the chief considerations 
design of commercial receivers, since such receivers must u: 
in continuous operation for long periods of time. Simplicity of 
not so important in this type of receiver as in broadeast radio 
since commercial receivers are generally used by skilled operators, 
mercial radio receivers are generally designed to use battery- 
tubes. The plate potential for such receivers is supplied’ by 
batteries or a motor generator. In some transoceanic receiving sy 
three complete receiver and antenna combinations are used to 0 
the effects of fading. In-an installation of this type the ante: 
separated by several wave lengths. An automatic-volun 
arrangement is provided so that only the output of the receiver 
receiving the strongest signal is used. 


Fic, 34,—Balanced detector for frequency modulation receiver, 


62. Direction Finders. ‘The directional property of a loop ante 
utilized in direction finders to determine the plane in which the 
transmitter and the direction finder are located. The eireuit di 
of a typical finder is shown in Fig. 35. ‘The loop antenna in this ree 
is enclosed in an electrostatic shield. The center tap on the loop 
grounded. ‘These precautions are taken to eliminate the electrost: 
effect of the loop antenna. If this effect is present, a broad minimum 
obtained as the Joop antenna is rotated and it is impossible to obtain an 
accurate bearing. ‘The diagram shows an arrangement for com, : 
for the effect of a hear-by metal object which might distort the 6 
around the loop. A small antenna is erected and connected through ® 
resistor to the variometer shown in the diagram. By adj 

y 


of the variometer the signals introduced by the near- 
the compensating antenna and variometer arrangement are 

balance so that they produce no effect on the inherent directi 

erties of the loop antenna. ‘The superheterodyne circuit is us 
employed in direction finders. Both the loop antenna and oseillator 
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roper n 
metal object and” 
to 
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~ obtaine¢ 


one of the if stages, Th sti 
y ‘idths at 90 per cent an 7 

Crt cctwvely. “The limited frequency band required for code 

, ‘ation permits the use of receivers having such a selectivity 


Fic. 35.—Radio direction finder. 


Ki ows the circuit diagram of a receiver employing a quartz 
raat 9 naicated by this diagram the crystal is used 88 f eauplin 

ent between the secondary of the first i-f transformer and the grid 
of the first i-f amplifier tube. Tha number of receivers a parallel cepa 
H cireuit is also used on the grid side of the crystal filter, | A neutralizing 
arrangement is employed to counteract the effect of the crystal ol dee 
capacity. ‘This eapacity limits the selectivity contributed by the =r a 
and in conjunction with the inductance of the crystal, forms a parallel- 
resonant eireuit which introduces considerable attenuation for a narrow 
band of frequencies near the frequency to which the erystal is resonant. 
4 switch is provided for removing the erystal from the circuit, whe 
desired, thereby decreasing the receiver selectivity. A switch is also 
employed for rendering the a-v-e system inoperative when code signals 
are received. | The receiver gain is then adjusted by means of man 
control. An i-f oscillator is used to heterodyne e-w signals. 
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Transtnit Sue. 


[See., 


SECTION 14 
“POWER SUPPLY SYSTEMS 


By R. C. Hrrencock, Ep. D.1 


1, Direct-current Power Requirement. ‘The electrical power required 
for operating radio transmitters and receivers is usually “steady” 
dc. for plate and grid circuits, Depending on conditions, either d.c. or 
i.e. is employed for heating tube filaments or cathodes. Figure 1 shows 
& variety of means that can be employed, by using suitable conversion 
apparatus, to deliver the desired d.c. 
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Fic. 1.—Types of power systems. 


Five types of motive power, B to F, in the left column of Tig. 1 can 
be used with any one of seven of the eight numbered rows showing how 

.c.issecured. ‘The conditions under which each of these types of motive 
Power is used will vary with the type of service which is desired. 

2. Type of Service. The type of system required depends largely 
on the amount of power to be furnished. A portable receiver may 
Operate for some time from self-contained dry-cell batteries, but a 


engineering Department, Westinghouse Electric and Manufacturing Company, 
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50-kw. broadcast transmitter on a regular schedule requires cot yead the same as an “average” type on certain types of d.c. This 
more energy. An explorer can operate a hand-cranked generator difference in readings sometimes causes confusion. 
50 or even 100 watts capacity for a short time, but for longer If a d-c ammeter is specified, it usually refers to a d’Arsonval instru- 
other devices are more applicable. ment (permanent magnet moving coil); one which reads “average” 
‘Transmitter power supplies are of two types. One is for regular val 
and the other is the “emergency set” or “stand-by.” ; Figure 2 shows five typical kinds of d.c., one or more of which are 
ly on a few seconds notice, and is capabl Lyi i always present in any d-e power supply. Steady d.c. is the output from 
energy for regular operation. For multikil @ primary or secondary battery, or from a suitable filter connected to a 
two independent sources of a-c supply are provided, on either of Isating or ripple d-¢ source. Ripple d.c. is the usual output from a 
the station can develop full rated power. A gasoline-electrie set aie generator, the ripple being caused by commutation, ‘Three types» 
serve the purpose, being independent of long wire lines. ‘of pulsating d.c. are as follows: (a) half-wave rectified single phase; (b) 
fallwsve rectified single phase; and (c) three-phase full-wave rectified. 


CHARACTERISTICS AND MEASUREMENT OF D.C. 


8. Indicating Instruments. Since d.c. is largely employed for 
transmitters and receivers, a brief analysis will be made of the 


. RMS RMS. 
Eg Minmum AVEPOG® Ce Frectve) Ss 


The ambiguity of the term direct current is readily apparent when 
considering Fig. 2 since all these wave forms fall into this classification. 
‘The figure shows the minimum volta as a decimal part of the maximum 
voltage E,; for example, the ripple d.c. shown has & minimum which is 
0,65 £.. or 65 per cent of its maximum. 

The second column shows the average value of potential drop as a 
factor times the maximum E,.. These factors for pulsating d.c. vary 
from 0.32 for the half-wave rectified to 0.96 in the case of the full-wave 
three-phase rectified. : 

‘The r.m.s. or effective value of a current is such that the heating effect 
Are) is the same for d.c. or ac. For pulsating d.c. the watt reading 

- found by the average voltage times the average current is not the same 
as the rm-s voltage times the r-m-s current. The results of these 
average readings are sometimes called! d-c walls. z 

The readings of different types of instruments can be predicted from 
the value of the form factor. On the ripple d.c. from a d-c generator, 
when the form factor is 1.01 as shown, a d’Arsonval instrament would 
read 1 per cent lower than a dynamometer type of instrument. The 
4’Arsonval instrument reads average, and the dynamometer reads r.m.s. 
When there is a difference in readings, the r.m.s. instrument always 
reads higher. For the pulsating d-c output of the single-phase half-wave 
rectifier the form factor is 1.57, and an r.m.s. instrument Cen ean 

lynamometer, or thermocouple) would read 57 per cent higher than 
an average instrument (d’Arsonval). 


TYPICAL POWER SUPPLY SYSTEMS 


4. Television Receiver Power Supply. Two rectifier-filter systems 
characterize television receivers, as shown in Fig. 3.2 

The kinescope second anode requires 7,500 volts d.c., which is supplied 

¥ 8 2V3-G half-wave rectifier tube and a = filter comprising two 0.03-uf 

capacitors and a resistor of 470,000 ohms. As will be noted later, when 

©onsidering filters, low-current circuits are adequately smoothed by this 

Simple circuit. 

he d.c. for the other parts of the receiver is supplied by a 5T4 full- 

Wave rectifier, with a choke-capacitor double x filter, having 40, 80, and 
0 uf, respectively, connected between the two choke coils. 

5. Receivers Using Either Batteries or Utility Power. Figure 5 shows 

® combination battery- and soeket-power receiver which has no relays, 


{Suma L R.. Rectox Rectifier Testing, Elec. Jour., August, 1938, p. 328. 
RCA" Mig. Go., Camden, NeJ. Model TRK-12. 
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Fro. 2.—Types and characteristics of d.c. 


kinds of d.c. and their measurement. One reason for this is is 
that instruments of the repulsion-iron or dynamometer type not 
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switches, or complicated change-over parts. All battery conneeti 
are completed when the light socket plug is inserted in the chassis soeke| 
When the plug is removed, the batteries are isolated so that the plug 
then be inserted into a power-supply socket of 105 to 125 volts, a,c, 
dc, With this latter arrangement the set has high output po 
(117L7GT tube) while it has normal battery output (3Q5GT) on 
battery connection. 


Fic, 3—Typical television receiver power supply system. 
On utility power the plug ZY is inserted in an a-c or d-c outlet of 115 volt 

correctly poled if d.c. is used. When the line switch is turned on, th 

117L7GT filament is heated across the line, and the rectifier section of this 


tube supplies half-wave energy to the filter choke. The other filaments in— 


series are heated by the plate current (d.c.) of the output pentode section of 
the I17L7GT, which also provides bias potential, und this connection als0 
provides bias potential for the control grid of this tube. With this connec= 
tion the battery output tube (3Q5GT) is not used, and its filament is not 
heated since the A connection in the female receptacle is not completed. 


+ Emerson Radio and Phonograph Co., New York, N. Y., Model DJ-310. 


Sec. 14) POWER SUPPLY SYSTEMS 463 


Then using battery power, the plug YZ is inserted in the femaie receptacle 
in ih set, the Z connection bringing into the circuit the filament of the 
battery output tube by grounding. the negative terminals of the 9-volt A 
hattery.. This Z connection also connects the negative terminal of the 
90-volt B battery to ground. The filament of the 117L7GT is not lighted 


Dec 1939 


son battery power, and is connected 


through terminal ¥ to one side of the Page 228 
erioe filaments through a 1,000-ohm 


osr 
rosistor. Aways 
6, Battery-operated Receiver. & Caenree & 


Figure 6 is a completely battery- 7 
operated radio receiver which uses a | _ (A) Xai ait erangmitter ctroults come 
Volt A battery for the five tube | platelybsfore touching anything behind 
finments which are connected in ‘Never wear ‘phones while working 
allel, and two. series-connected | °%Es%yiter" mult test arce from trane- 
45-volt B blocks. . anlter tank Sree z 
Characteristic of both Figs. 5 and | 0 4BoRitsher copy selnstemnnmlt= 
6 is the permanent magnet moving- 
soll loud-speaker, which, does not nea 
require external power of any kind | sreunded objecta, 
for energizing its magnetic circuit, {G) Berton” yur, fey toa- 
1. Receiver Power Unit for 116 to | = the eral 
230 Volts D.C. Figure 7 shows a 
vibrator-transformer-rectifier circuit pecs oiniaraena 
which has two ranges of d-c power 
input, 105 to 125 and 210 to 250 
volts. ‘The link board shown in the 
figure changes the unit to suit the voltage available. ‘These units 
provide an ace heater voltage of 6.6 volts and rectified d-e plate potential 


of 360 to 400 vol 
nd 6 Volts D.C. Figure 8 shows the 
two units required when a radio receiver is to be operated on either 6 volts 
.¢., or 5 ranges from 105/250 volts, 25 to 60 eyel roe e 
The d-e power supply is a vibrator-transformer type, in which the 
vibrator also rectifies the high a-c voltage supplying d-c voltage. 
‘The a-c power supply is a multitapped primary transformer, with a 
conventional full-wave rectifier tube. By placing the receiver power 
tonnector in the appropriate unit, the same receiver operates on cither 
dc. or ae. 
. Transformer-rectifier Circuit for Transmitters. Figure 9 shows 
4 typical high-voltage circuit for a transmitter, using six half-wave recti- 
fier tubes. ‘The tube filaments are all paralleled on a single-phase trans- 
former, and the plate circuit comprises a three-phase transformer with a 
double'Y secondary, which can be fed by a delta-connected primary. 


“working on tho transmitter, 
Contact with ymetal rack ot 
orm, damp floors or other 


Fic. 4.—A good sign to be posted 
in high-voltage laboratory. 


wm Means are generally proyided for placing a spare rectifier into the circuit, 
The spare tube filament is kept lighted, and its plate lend is connected to all 
six inactive jaws of a rack of 6 s.p.d.t. switehes. ‘The blade of euch switch is 
the transformer lead, and the second jaw of each switch goes to tha,rectifier 
tube in use. If a rectifier fails, its 5.p.d.t. switch is thrown (either auto- 
matically or by hand) from the regular tube plate to that of the spare tu 
making the spare tube active and taking plate voltage off the regular tube 
so that it can be replaced when the s.p.d.t. switch is finally thrown back to 
the first position. 
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The of six rectifier tubes minimizes the possible trouble due to tubes, 
‘he effect ‘of losing one tube due to decreased emission is generally 
iy to introduce a hum into the reetified voltage supply, without decreas- 

fag the voltage very snuch. 


Guiring side) 
Fic. 8.—Power supplies from 6 volts d.c. and 110 to 240 volts a.c. 
ommon points of the double Y 


carrying currents of six times the 
ct ike that of a choke used 


J h an air gap to limit saturation 
‘ith the ensuing d.c- if a rectifier tube fails and thus destroys the balance of 
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By using a suitably conneeted, 

; ing w su , thi 

ipereuse, in the life of hot-cathode spaceniyerecdiian tet fos can be ok 
ihe plate circuits are the same as shown in Fig. 9, 
of any one tube is connected so that it is-00 deg. out of phase with the 


Ereus “0855 Engy * O408E pry 
Egy * M7 Epes “0978 Eye 
Equy =209 Egy =245 Epis 

Fig. 9.—High-voltage supply for tran: 


voltage supplied to it. This make 
a th 
the moment that the crest plate current is drawn, 


z DRY-CELL PRIMARY BATTERIES 
. Ampere-hour Capacity. ‘The 
A ampero-hour ¢ 
from a dry ell of a given ‘size depencis on several lactors, a 
fora, physical construction, current drain, hours of use per day 
cutoff voltage. | For any specified discharge schedule there is an opti 
faite of current drain which will produce maximum capacity to. 
cutoff voltage. When the current is increased beyond this optd 


value, the ampere-hour ca) 
the. pacity decreases by 
depolarization. “When the current drain is lest than the ontant 


ampere-hour i i “af aha 
Ginpere-hour capacity becomes less due to the subtractive effect of & 


hij 


ter. 


obtai 


Tt is not always 
operate at peak 
since size and portabili 
t of replacement may warrant the ‘use 
to which battery oneal : 
Indicate the use of a comprom 
dre or gt eter a, ew, 
n \ is at more m: t draii 
considerable increase in service life can be realiced ber waive the calle to 


* Articles 10 to 15 were supplied by Ralph E. Ramsay, Ray-O-Vae Co., Madisnn, Wit 


filament an unipotential device F 


‘Sec. 14) POWER SUPPLY SYSTEMS 469 


‘a lower cutoff voltage. The gain will depend on the size and formula 


Srthe cell. The lighter the current drain or service conditions, however, 
the higher the operating voltage and the flatter the discharge curve. _ 

. Shelf Life. For cells of a given formula and physical construction 
the shelf life will inerease with the size of the cell. Loss of capacity in 
the ace or during idle periods is due to local reactions, admission of 
stommen, and loss of moisture. Certain cells designed for heavy duty 
Pisteial service achieve high initial service capacity by increasing the 
proportion of depolarizer to electrolyte, or by using more active oxides of 
manganese in the depolarizer, or both. In general these cells have a 
more rapid rate of deterioration on shelf than cells designed for light 

service. For C battery service, specifications call for a life of 
‘onths to 1.45 volts for the D size cell and 12 months for the B size. 


dui 
18 m 
Taste I. Dry-ceut Caracrry versus DRatw 


For D-size B Battery Cells discharged 5 hr. per day, 5 days per week, 
to a cutoff voltage of 1.13; constant current discharge. 


‘To an end voltage of 1.13 
| ae __| Life to 0.80 volt 
‘ in torme of life 
at 115 volts* 


Por cont of peak 


Ampere-houry Per cons at service 
A fiie —| - ; 

a | 4.10 71.5 54.7 
8 | $30 Bs 30.2 104 
te 5:20 oh 278 
10 3.00 | 100 22.4 193 
0 3.68 03 139 4 
* 4.90 87.5 8 4 
%0 5:25 38 43 1a 
40 2°40 42.9 $3 ue 
to 1:70 30:4 Va 


{These values are for one size, one formula, and will not hold for other discharge 
sohedules. 
* Bix hours per day, 5 days per week. 


13. Effects of Temperature. Chemical reactions are accelerated by 
an increase in temperature. In the dry cell a temperature rise increases 
both the useful current-producing reaction and the eee? local reac- 
tion duringgdle periods. The net effect on the total capacity delivered 
will depend on the balance between these two forces and will be different 
for various designs of cells. de 

Dry cells should be stored at low temperatures to minimize shelf 
reactions. This precaution is especially important for cells containing 
depolarizers of high activity.. “The high limits of temperature for dry-cell 
use are usually determined by the pone at which seals flow or internal 
pressure expels the cell contents. This point may vary with the size, 
formula, and construction of the cell. Standard specifications call for 
seal which will not flow at a temperature of 113°F. during a static test 
in which the sealed surface is held vertical for a period of 24 hr. i 
As the temperature decreases, the activity of the cell is lowered until 
finally it is unable to maintain a useful voltage while delivering current. 
‘The lowest temperature limit of use will depend on cell formula, cell size 
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in relation to the current drain, and frequency of use. In gen 
dry cells will not furnish useful current when the actual ceil tempera’ 
is less than —15°F. to —20°F. Freezing does not injure a dry cell, 
capacity wl cannot be realized at low temperatures will be av: 
when the cell is returned to room temperature. 

14. Amperage or Short-circuit Current. There is no relatiot 
between the current delivered by a dry cell on a short-circuit amper 
test and the service capacity of the cell. 
only in judging the uniformi 
formula. 


At best such a test is 
y of a particular lot of cells of a gi 


4000, 
A ZI 
ey AAA 050 100 in 
0625 
B 035 2125 07) 
Bie HR Fo 
be G12 4.00 _ o3e8 | 20 
400 = 
300 og 
> 
5 200) 0804) = 
% iow. 3% 
a 3 
3 Hy 3 3 
= 60) Bit 
pt zl Mis. 
Fi a “A, 
&\\ 444 
aL SIZE_| NGS i 
| Nha PSIZE 
rol A rs 
0 10 2 3 4 50 60 


Drain, milliamperes 


Mia, 10—Radio-type dry cells; discharge versus time. Constant @urrent, 6 
per day, 5 days per week to 1.13 volts and 0.80 volt per cell at 70°F. 


_ 15, Dry-cell Battery Standards. The American Standards Asso 
tion in cooperation with the National Bureau of Standards issues a stand: 
ard specification for dry cells and batteries. ‘This standard sets forth 
various sizes of cells and batteries which are recognized as “standard” 
and also gives information on standard tests together with the 
responding” performance requirements. There are many cells and 
batteries on the market which differ in size from those listed in the s 
fication, and prospective users are advised to obtain current informa- 
tion from the dry-cell manufacturers. 

16. Cost; Capacity; Weight; Life. It is fully realized that dry-cell 
cfiaracteristies will vary with the specifie requirements of use, which im 
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i ign, However, it may be of value to give some 
Gate intact oot comparison of these cells us sources of electrical 
y wil t of electrical equipment. 

ore wi aS varie Troma to 11 ets, per watchonr, and the 

i cell es from 0.024 to 0. . per watt-hour. 
weight of 9 parr om O.1 to.0.8 cu. in. per walt-hour. These values are 
euod on an average of 1.8 volts per ecll and optimum discharge rates, 
bavfory small cells ost more in proportion to their capacity, since there 
are just as many manufacturing (ately as en enetnvowne a larger 

ramium is paid for inereased portability. hark 
Pine ameere hour ratings of cals ean also be, computed, varying with 
whit ve ni 

the several factors which have been given, o aren Epes 
the sizes of the zine cans enclosing the cells. For disc rents 

i usual i all, the variation in ampere-l 
Which are usually required from a dry cell, i, aa pere- hour 

ing may OR graph ean be made from Fig, 
rating may cover a 3 to 1 range. Pt Seer pba toe 
With millampere-hours as ordinate, and current drain. as abscissa. 

is the maximum, milliampere-hour capacity at non 

aaa er Ohi, daily discharge for 5 days a week can be found, 
Table IL being a typical schedule. 


‘Tanta I, Dry-cepn Caracirms* 
Maximum 
ps | Capacity, mil 
Gee ees : | Seteer, 
milliamperes veh Watee st 1.13 volts. 
ASA 3 | 110 4 133 
4 ; | B : he 
D 10 540 18 3498 
G 6 780 20 7 


* Data from Burgess Battery Company and Ray-O-Vac Company. 


The li 11 is somewhat increased if the external current drawn 
ia very loge Say doing this, the capacity in miliampere-hours may be 
decreased by a few per cent. ‘There is a more important factor, I ip weree, 
Which is the tine Innit of shelf life, the case when no external current is 


drawn. ee ce 
On expediti hich are to last several years, it is possible to carry 

slong. the separate ingredients from which dry eclis ean be made up. 

‘An this case he shelf file does not begin until the eells are assembled. 


SECONDARY OR STORAGE BATTERIES* 


and i f storage 

17. Aci Alkaline Cells. There are two general types of stor 

cells Het in the United States, the lead-acid and the nickel-iron- 

ety ar es 24a wi Som 

Boo Hl i ‘Co. H. H. Hud 
rol St Battery Co.; 

Cont ie. Sunes, Bhileo Corporation, Siaraae Battery 
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alkaline. Cells are usually combined in series to form batteries, 
cells may also be used in parallel. Lead-acid cells form the m 
number of storage batteries in use. Lead is a very heavy tal whieh. 
not mechanically strong, and it is a tribute to the designers that s 
sturdy cells are available. The alkaline cell of nickel-iron is superior 
its resistance to mechanical shock. The first cost of the alksline cell 
ely, higher, but its life expectancy is also longer than that of 
acid cell, 

18. Selecting a Storage Battery. To select a stornge 
for some particular use the following factors must be 


1. Nominal circuit voltage. 

Final permissible voltage. 
3. Number of amperes required in use. 
4. Hours of use before recharging. 


‘The first two items determine the number of cells which are used 
series, and the third and fourth items make definite the ampere-ho 
capacity of the battery. For example, if the lowest permissible value f 
a filament supply is 10.0 volts, the use of six acid cells at 1.75 volts ea 
(total 10.5) or 10 alkaline cells of 1.0 volts each (total 10.0) 
required, Further, since the initial voltage will be higher, unless th 
equipment is designed to use this higher potential, some means shou 
be provided to reduce the value, ¢.g., a series rheostat. 'The-six acid ce 
will have an initial (charged) potential of 6 X 2.05 = 12.3 volts, 
excess of 2.3 over 10.0, and the 10 alkaline cells will have an i 
potential of 10 X 1.45 = 14.5, an excess of 4.5 volts over the requi 
10.0 volts. 

19. Ampere-hour ee The ampere-hour ratings are approxi 
mately determined by multiplying the hours of use before rechargit 
hy the amperes drawn during that period. These ratings vary cot 
siderably with the length of discharge, as will be mentioned later. As 
general rule, an acid storage-cell capacity should be adequate for at lea 
4 days of operation without discharging. The alkaline cells may be 
on a 24-hr. charge-recharge schedule. 

In specifying the capacity of a storage cell in ampere-hours, it 
necessary also to give the rate of discharge and the permissible’ fini 
voltage because the ratings will vary over a wide range with changes 
these two factors. 

'o specify “100 amp.-hr, at an S-hr. discharge rate to 1.75 volts 
cell” is quite definite and is one of the standard ratings for acid 
‘These are usually termed “normal discharge rates.” 

20. Approximate Dimensions; Weight. Weight and volume of a 
battery can be approximated directly from Tables IIL and IV by mul 
plying the columnar values by the ampere-hour rating. A large Tange 
cell capacities is included since the radio use for B voltage uses a low- 
capacity cell and for A voltages a high-capacity cell is required. 
example, in Table IV since the usual range for stationary cells is 0. 
to 0.50 Ib. per ampere-hour, a 100-amp.-hr. cell would be from 


100 X 0.25 = 25 Ib. to 100 X 0.50 = 50 Ib. 


in weight. Similarly the use of 100 amp.-hr. shows that the norm 
charge is 0.125 X 100 = 12.5 amp., which also is the normal Shr. 
charge rate; and the trickle rate is 0.0025 X 100 = 0.25 amp. 


battery suitab 
mown: 
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See. 14] 
s 1,000 Astr.-R.)* 

uz IIT Leap-actp Sronace Barrertns (10 70 1,000. 
AP inpere-hours sre for an Schr. discharge to 1.75 volts per cell at 


a. Weight, Capacity, Dimensions, per cell: 


Lb. per Cu. Tn Lb. per 
Ampehr. Maver. Gu. In, 
‘Small capacity glass jar cells. AL 08 
Taual range of stationary’ oll 0:25-0,80 3.9-7.7 0.08-0,08 
Starter batteries, high specific gravity 0.18 fi i 
b, Charging Amperes:t eae. 
Amp-hr, by 


Noritial for 1.250 to 1,150 sp. gr. stationary eclls 0.125 


‘Trickle for 1.250 to 1.150 sp. gr. stationary cells. 


Normal current. 


‘Trickle. -... 
¢, Charging Volts 2.5 at norn 


i ainpere rate, approximately i 
fi. Discharging Amperes to Various End 


Voltages: 
Factor by 


Final Por Cent Amp. ti zs 
Volts Rated Amp. Aimy. Dischss Amp,-he, Capuctty 
72hr. discharget... 1.75 16 6.020 1.30 
See decurge 172 do 260 O:80 
Tht dieharge: 2. 100 400 0.250 9-58 
1 min. discharge... 1.40, 1,000 0.500 i 
& Volts versus Specific Gravity When Charged: Ns 
ed 
Stationary cells. 350 2.05 (charged) 


Btartor cells... . 


4. Freezing Pointa af Blectrolyt 
Specific Gravity 
+280 


1500 3:20 {ehared) 


Degrees Fahrenheit Dogroos Centigrade 
—9 
2 


=15 


3 


=7.8 
-ompil i y Wi e Battery Co., Cleveland, Ohio; 
spupie from dats, furl Bea Gornratton, Storage Battery Division, 
Philadelphia, Pa., The Electric Storage Battery Co., Philadelphia, AG. Fy 
+ Normal charging amperes for 100 amp.-hr. cell is 0.125 100 = 12. ae te 
battery 8 fr. capacity is 200 amp.-hr. and the 8 hr. = pony Me 
00/5 = amp. For 72 hr, discharge 16 per cent of 25 = 0,020 X Dow 
‘fand the actual capacity now is 1.50 X 200 = 300 amp.-hr, 7, 7 ates 
Based on an ave voltage of 1.90, a lead-acid stationary cell of 
(00 amp.-hr. or greater capacity, weighs from 0.18 to 0.30 Ib. er watt. 
hour and occupies from 2.1 to’ 4.1 cu. in. per watt-hour. sing 8 
Average voltage of 1.20, a nickel-iron alkaline cell of 100 ape i ct 
kreater weighs from 0.06 to 0.13 Ib. per watt-hour, occupies from fs 
}.9 eu. in, per watt-hour, and costs from 714 to 1314 ets. per watt-hour 
‘or capaci 50 to 900 amp.-hr. 
2b "ypes of Charge and Discharges Life and Cost. ‘The severest 
type of work for a storage battery is “cycling,” meaning that a cells 
&re run from complete charge to 2 complete discharge before recheriok 
As an approximate figure an average acid battery after 400 of such ey 


‘HL. H. Hudson, The Electric Storage Battery Co., New York City. 
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has about 75 per cent of its original ampere-hour capacity left, and th 
same rating for an alkaline battery is about 1,400 cycles. 

‘The life guarantees of lead-acid storage cells vary with three ms 
factors: the type of construction, the ampere-hour capacity, and 
extent of dso before recharging. This may be completely stat 
by assuming the extent, of daily charging and discharging of cells o 
60 amp.-hr. capacity. On “full float” service or not over 5 to 10 per een 
daily charge-discharge, the life varies from 8 to 14 years. If the d 
charge and charge is 20 per cent daily, the life is 6 to 10 years, and, whe 
discharged and charged 40 per cent daily, the life is 41 to 714 ‘years 
At the end of these times cells will have approximately 75 per cent 0 
their new ampere-hour capacity. 

‘The range of cost of a lead-acid cell depends both on the construe! 
and the ampere-hour capacity. Mor low capacities 10 to 60 amp.-hi 
the cost is about 10 cts. per Watt-hour, and for capacities from 100 to 
1,000 amp.-hr. the cost per watt-hour ranges from 314 to 6 cts. Not 
that the nominal voltage is 2 volts and that the cost per ampere-hour pa 
cell would be doubled. 

For a given capacity in watt-hours the initial cost of a lead-acid cell 
less than that of a similar nickel-iron-alkaline cell. ‘The life of the latter, 
however, is definitely longer, and usually over a long period of time 
cost is not appreciably different for the two types, It should be me 
tioned that stationary-type lead cells are higher in quality and also if 
first cost than cells used on automobiles. As a result the stationary ce 
have considerably longer life than the usual automotive type of cell. 

Acid storage cells can be satisfactorily trickle charged and thus kep 
available for emergency service. Alku‘ine storage cells thrive best whet 
charged at the normal rate, although they may be trickle charged if th 
service does not require high discharge rates. The alkaline cell wher 
trickle charged will not deliver as good voltages at the higher dischay 
rates ag when it is “cycled,” but’ in actual operation the cell may 
selected to mect such discharge requirements. However, a periodil 
complete discharge and charge at normal rate is recommended if full 
alkaline cell capacity is desired, 


Thi n of a cell (the maintenanee of terminal voltage undor 
Jona) h the internal resistance. ‘The lead cell will have betel 
regulation than the niekel-iron ce 


Acid storage cells have a lower internal resistance than alkaline cells 
of the same ampere-hour ratings. In the case of stationary cells this 
factor is from wt to 1j.. On momentary exceptionally heavy-load condi=. 
tions the acid cell can deliver from two to three times the eurrent that 
ean be drawn from an alkaline cell. ‘This may be both an advantage and 
a disadvantage. On a short circuit the damage to an acid cell is usuall 
to the plate lugs and the top connectors, but the alkaline cell is not 


harmed. It is suggested for alkaline cells that periodic complete dis- 
charge be followed by an intentional short circuit and then eompletely 
charged. If an acid cell is short-circuited, it should be recharged imme- 
diate! Alkaline cells can be stored in a discharged and short-circuited 


condition indefinitely, but acid cells should he stored fully charged. 
Acid storage cells are essentially low-resistance devices and therefore 
perdiotlacly) useful for applications where very high currents are required. 
lowever, for each ampere-hour of electri ity delivered, a detinite weight 
of lead peroxide and sponge lead must be converted to lead sulphate by 
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strolytie aetion, _A very high current discharge rate cauges a progres- 
electrolyte acum of the electrolytic action until more active electrolyte 
sive difluse to and through the plates, and there is a reduction of the 
fotal capacity of electric energy stored at this particular high rate. ue 
take an extreme case, a certain battery rated at 100 amp.hr. on en ES i 
discharge {0 1.75 volts per cell will deliver 150 amp.-hr. at a 72-hr, ate 
to 1.75:yolts per cell, but only 5 amp-hr. when discharged in 1 hr. to 
1.68 volts per cell, as shown in Table II 


‘Tate IV. Suwmary* oF Niorsi-tnow Stonaos Barrerres (11 ‘ro 

x 900. Ap.-re. 

All ampere-hours are for 3- to 5-hr. cisohares to 1.00 volt per cell; above 
60°. 


a, Weight—Capacity Dimensions, per cell: Ts ers Char Te WE ER Hee 
Amp.-hr. ries * rae In, 
8m wacity (11 to 20 amp.-hr.). + 0,28 | +048 
Linge capacity (100 amnpehteup)ieess OT 172.8 0:048-0,060 


b. Charging Amperes for 7 Hr. 


Multiph; 
Ampotinsby, 
0,200 


Normal. 

Trickle, 

Start 

Finish 

©. Charging Vol h ti Selene 

old at 1. to obtain start and finish amperes of item b, above. 

Charge aé-normal arnperca to 18 oF 120 volte per cell until voltage por cell remains 

eonstant for 3 hr. 


4, Discharging Amperes: 


Relative 


Hours Discharge Final Volts Ampere-houre 
u i 3 


5 
2 0.91 
rage 0.04 0.96. 


1 


‘i Eresting Point of Hlectrolyt : 
Rote that clucteolyve dessliy varios litle, and does not show state of charge. At 


minimum sp. ge, of 1.160 at 60° 


gore out at — AF 3000 
Freesos to “slush” at — 87° 4 
" Compiled from data furnished by Thomas A, Edison, Ine., West Orange, N. J. 


While the capacity in ampere-hours of a lead cell decreases at increased 
ithe Me ae capacity in a nickel-iton, cell docs not decrease very 
much at high rates up to five times normal if no restrictions ie pl laced 
on the useful voltage. At five times normal discharge rate tl he aie 
iron cell delivers 96 per cent of its normal full rate ampere-hour eapaeity. 
‘This point is of theoretical rather than practical interest, Howeres, sins 
there is a lower limit below which the voltage cannot drop an ; ol 
Actual use. At five times normal rate to get the 96 per cent amp.-hr. ina 
Hickel-iron cell, the end voltage is 0.64, which is too Tow for most purposes, 

22. Electrolyte Characteristics. The specific gravity of an oe ; ot 
varies with the amount of charge, being greatest at full charge anc east 
When discharged. ‘The freezin, temperature of an acid cell varies with 
the amount, of charge, a discharged cell at specific gravity 1.10 will 
freeze at 18°F., and a charged cell at sp. gr. 1.25 will freeze at — 61-7. 
The electrolyte density of an acid battery is a readily tested indication 
of the extent of its charge. 
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On the other hand, the electrolyte specifie gravity of an alkaline 
is no indication of its state of char; i 


; ‘ge, since it remains practically constan 
during charge and discharge. 


However, owing to gradual deteriorati 
the specific gravity of the alkaline electrolyte in a cell ranges betwee 
1.215 (new) to 1.160 and when it reac! 
‘ectrolyte having a specific 
temperature will start to freeze out at —4° 
snow at —87°F. Higher 
ingly lower temperatures, 

28. Effect of Temperature on Capacity. ‘The capacity of a lead-a 
cell decreases about 1.3 per cent for each degree C. 
lowered (0.75 per cent per degree I’,): 
at 25°C, 77°) 


es this latter value it should b 
vity of 1.160 at nor 


gravity electrolyte starts freezing at correspond 


the temperature is 
‘The usual 100 per 
., is decreased to 50 per cent at. —25°C, 
At about 5°C., 41°F, the alkaline eell has the mi 
normal rates of, 
heats up ina cell which is either being cha 
actual use the 5°C. temperature is only # rou 


uum output, at th 
However, the higher internal resistai 


igh approximation. 


There are vertain details which influence the construction of an acid stora 
coll for specified conditions. If the discharge rate must be hi 
wood separators between the plates rather than pei 
tare preferred, due to the lower internal resistance 
Further, lead-plated copper connectors between colls can be used to redue 

An inerease in life is obtained if the specific gravity of th 
reduced from the normal charged value of 1.250 to 1.210 9 
(Note that stationary cells use lower values than those for 
or starting cells, where the specific gravity may be as high as 1. 
ever, the reduction of the maximum specific gravity of the electrol: 
decreases the capacity of batteries at the 
has no noticeable effect at higher rates o1 
benefits resulting 
increased life of the 


24. Charging Stora: 


rforated rubber separate 
of cells having the former 


the resistance. 


discharge rate, or longer, 
ortor times of discharge. 
iz from the use of acid of lower specific gravity is 
wooden separators. 


‘There are several standard scheme 
which are detailed in books on the subject and 
ued by battery manufs 
methods are termed the step, constant voltage, nm 
constant current, and in addition there are 
‘To charge fully a battery in am 
the booster charge since both 
Since cach of these methods req 
current method is often preferred, 
voltage scheme automatically tapers the rate 
discharged cell 


lified constant voltag 
equalizing and booster charg 
inimum time, the step method resembl 
ive a heavy current charge at the start. 
wires a high-capacity charger, the constant 
nm the other hand the constant= 
of current charge, since 
and a maximum difference between cell 
potential and charging potential is available to force through a hea’ 
charging current at the start 
Under emergency co: 
pletely discharged. 
another rectifier shou 
the battery in from 1 
In charging, the positive 
to the positive cell lead, for 
direction to that of a cell whiel 
26. Relays for Charging. 
actuated by the voltage of the storage cells, 


tential is low 


nditions a battery may be prer 
This means that in addition to a trickle charger, 
wd be available with sufficient capacity to charg 


turely and co: 


potential lead of the charger is connected 
‘ing current, to flow in the cell in the opposite 
is furnishing current on discharge. 

Relays to control automatic charging au 
ily the increas® 
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of the resistance of the relay exciting coil with increase in temperature 
‘will require a higher voltage to initiate the relay action. Z He 
~ In one relay! this problem is met by using a bimetallic strip on which 
the actuating contacts are placed. This strip bends with temperature 
¢hange and intentionally overcompensates for temperature, so ine? fn 1 
yoltage temperature requirements of the battery are followed ie jul Ne 
When storage batteries are used, indicating instruments are of Brot 
value in showing the instantaneous charging or discharging current be 
voltage across the battery when charging, or the battery voltage when 
ischarging. - ‘ 
eae Tategrating Meters. An integrating ampere-hour meter is fro- 
quontly very desirable, ‘The mereury-motor d- ampere-hour meter® is 
admirably suited for use with a storage battery. The use of a mereury- 
floated rotating disk eliminates the use and maintenance of a commutator 


‘Taste V. Fup. Consumprion per, Kinowarr-nour, ENGINE-GENER- 
Aror Sprs 


| idascitn, | Fuel oit, | 8% 800 B.t-u-! Diesel engines, 


seal. por ksh, | gnls por ew'he. | x" oo fede | al per kwetc. 


Mi load. 


and brushes. The cumulative ampere-hour dials are very desirable 
since they show at a glance the extent of charge in the battery. Stand- 
ard dials are available for many ranges from 150 to 1,200 amp Nts, 
and the current ranges of standard meters cover practi aly, all possibl . 
charging rates. In one model two-rate charging is provided by a Gis 
which, when & preset number of amperc-hours, say 20 per cent of the 
battery capacity, has been supplied at the first high rate, initiates a 
suitable citeuit breaker giving the second lower rate of charge. In 
addition, when the full number of ampere-hours have been supplied to 
the battery, another switch operates to discontinue charging. Other 
models are available without, switehes, so that charging rates are manu- 
ally adjusted as required and shown by the dial indication. 3 
Since all storage batteries require more ampere-hours when chargin 
than discharging, in ull meter models an ingenious mechanism Menage 
by the direction ‘of disk, which runs forward when charging and back- 
-Ward when discharging, requires more ampere-hours when charging 
than discharging to show: a given amount on the dial. eae 
‘The amount of excess in charging over sac hangae can be adjust ed up 
‘o 4 maximum of 35 per cent to a pa the type of battery used and the 
Normal discharge rate whieh is desired. 
The main preenution in installing, mereury-motor d-e ampere-hour 
Meters is to avoid excessive heat and continuous vibration. alates 
design of the mereury chamber prevents damage if the meter is turne 
©ver during shipment or prior to installation, 


TYR Relay, U. 8. Patent 1960198, ‘The Electric Storage Battery Co. 
'ype N, Sangamo Electric Co., Springfield, Il, 
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27. Precautions to Observe in Using Lead-acid Storage Bat*eries. 
1. Keep the lovel of the electrolyte covering the plates and insulation. 
2. Use distilled or approved water to replace loss by evaporation. r 
3. Do not allow the cells to stand for any great longth of time after 
specific gravity has reached the lower limit.” They should be given a char 
to bring up the specific gravity. 
4, Charge for the proper length of time at the proper rate. 
5, Do not add acid or electrolyte to the cells. : 
mA Do not allow the temperature of the electrolyte to rise above 110°F, 
7. Keep the battery and the battery compartment clean and dry. 
Keep the terminals clean, tight, and well covered with vaseline. 
. Keep away from flames when charging with vents open. 
28. Precautions to Observe in Using Nickel-iron Alkaline Storage Batts 
1. Keep the plates covered with electrolyte. 


2. Use distilled or approved water to’ replace losses by charging 
evaporation, 
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‘requency depends directly on speed, 
te tregn advantage. The Diesel 13 
peing steadily improved in design and is 
increasing in its popularity. 

MThe gasoline engine, characterized by 
‘« lower compression ratio (about 5:1) 
and spark-plug ignition, is further along 
jn its state of perfection, and this means 
Jess maintenance trouble and also ease 
of starting: For large Diesel engines a 
small gasoline engine is supplied for 

‘Ling. ¥ 
Mrerogene is often used as a fuel, in 
which case auxiliary means are generally 


a 
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Approxi- 


00 volts available; two phase, 


Other ratings also available. 
‘All a-c ratings are at 80 to 100 per cent 


-volt electric motor 


10-hp, gasoline engine or 12-volt electric motor | 


27-hp. gasoline engine or $2-volt electric motor 


ay 
zg 
A aa]. 
egenerally aS | 
. REN 2 f se rovided for starting the engine with a ess |f 
3. An ocensional short circuit is not detrimental, in fact this is sugges Rielot higher volatility, such as gasoline. & gee la 
after complete discharge, beiore recharging. "30. Conti For cooling, the small- © sag | & 
4, Hydrometer readings mean little; charge to 1.8 to 1.9 volts per cell unt Rea comune: seiaotinhiisiforeed 9 ess ja < 
the cell voltage remains constant for 3¢ hr. sized engines use air w ses 23} ore e eo |F S. 
5, Renew the electrolyte by that supplied by the manufacturer wl ist the cylinder blocks by a fan. BE |s 43 
the specific gravity decreases to 1.160. Do not pour off old electrolyte ut Large sizes use water cooling, and in @ ia a ot 
the new is ready to put in. general this can be supplied either by a © a8 | 388s 
6. Do not put acid in the cells. water tower or by a fan-radiator-pump 9 ag [Sege 
% Do not allow the eell temperature to rise above 15°F. iystem. ‘The latter is usually, recom- aaa | 2ehe 
8. Keep away flames while charging. Mended sinee the use of, proper water 5 ae ae 
2 minimizes the formation of scale in the 3 Pelamnpaesy| rt 
FUEL-DRIVEN ENGINE-GENERATOR SETS jneket passages of the engine block, eee || 
29. Types of Fuel. Gasoline is widely used, but kerosene and natut 31. Emergency Service. Fuel. EBS 130-8 
and manufactured gas, as well as No. 1 fuel oil and commercial Diesel fi driven generators are often employed | Ekg 
are also in general use. Gasoline-driven generators give from 316 4S an emergency source of electrical seae | She? 
5 kw-hr. per gallon, and Diesel-driven generators give 7.7 kw-hr. energy. Automatic switches may be “2 ooo | Fels 
gallon. Proper engine adjustment and good grades of fuel will impro’ used to start up the engine when the § ee Bese 
these outputs. regular power has been discontinued for 3 | eae Be 
15sec, ‘This requires an electric start- 7 | Begg 
Tanne VILL. Dimser-zuecrnic Gexerarine Sers* ing motor and a storage battery as part & gees | 8858 
of the equipment. For emergency ser- A BERR |O ge. 
| I, aoe | | view i high-speed engine ormite the bala St 
spiihdars eoheraen| Height, | fated capacity to be obtained in a 4 Fig’... 
Nome) | Crtiuder | eneine. | rip Siinimum of soace, and fora rediced anon |g22¢ 
| | rst cost. For regular service the 8583 |3seu 
= \- aa | | eavy-duty, slow-speed engines are 5 Boze 
pase | it | 2 | af &enerally recommended, slthonet ee ra S%g4 
G | 4 i Seen |Osts 
Batta5c | ae rhea Prete pee space and have a higher 2525 eilag 
: Diesel-powered electric plants are not fae BiES 
Usually available for ‘full-automatic’ 335 
Starting. Semiautomatic operation is ages 
fometimes employed, in which the piel SUA lea 5326 
Ry a c e Manually started when the load is a eR FE 
‘The Diesel engines of Tables VITI and IX are characterized by a bil @xpected and operated at low idle con- = 2 aiied 
compression ratio, about 16:1, and have good efficiency at various I inuously. With the plant running, if 3 S238 oot e 
percentages, but the speed range is limited by that of its partic © normal power supply fails, relays S EBST 5S 
design. ‘This may be a disadvantage if different output voltages are Sperate to cause the Diesel to speed up Reoe= ene BR 


be secured by varying the engine speed, but for a-e generation, wht 4nd take full load. 
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32. Regular Service A-c Generators. Fucl-driven generators are 


employed as a primary source of electrical power, and for this type o 


work may be divided into two classes, a.c. and d.c. For a-c generato 
where no storage of electrical energy is possible (unless a converter 
stor: battery are also provided), it is desirable to supply means f 
stopping and starting the engine, so that it runs only when a load 
connected. This is sometimes called full aulomatic control and suitab 
relays and switches operate to start up the engine generator when a lo 
of 1 per cent or more of the rated capacity is connected to the line. W 
running, any load can be supplied up to the rated capacity. When tl 
load is decreased to less than 1 per cent of the Bers the engine shut 
down. Push-button stopping and starting is also employed on a-c plan 
because it is less expensive than the full automatic control. 

88. Regular Service D-c Generators. When the generator supp 
d.c., the problem may be somewhat different than that just deserib 
A d-c generator is almost always used to charge a storage battery, so th 
when the battery is fully charged, it is seldom necessary to run th 
generator continuously. A voltage-controlled relay may be used 
start up the generator when the battery voltage drops to a cei 
amount. ‘This arrangement automatically charges the battery when 
voltage decreases and shuts down the generator when the proper poi 
of charge has been reached, Light loads are carried by the batt 
alone, but heavy loads pull down the battery voltage so that the gene) 
starts up and helps to carry the load. - 

Push-button stopping and starting is often used for d-c as well as f 
a-¢ plants. When a d-c plant is to furnish fairly steady loads of ov 
half its rated capacity, sometimes the storage battery is not used at 
In this case the automatic starting on battery voltage is not used, but it 
Possible to employ an automatic device to start up the engine when 1 
cent or more of the rated load is connected. Hand-crank starting and 
use of a rope starter are also employed, mainly for small-sized plants 
to charge storage batteries. 

A convenient formula for determining wire sizes requires the knowled 


of the amount of current supplied, the distance, and the maximum allow 


able voltage drop along the set of two wires. This maximum vol 
drop is 2 volts for a $2-volt system, and 10 volts for a 110-volt syst 
‘The formula is as follows: 


22 X load amperes X distance in fect (one way) _ wire size in cireu 
Allowable voltage drop mils 


While this formula was primarily derived for use with various volt 
‘on two-wire d-c systems, it is also of value in single-phase two-wire 
systems of 110 volts, 
Capacity; Weight. Gasoline-engine driven generators 
200 to 6,000 watts output cap: 
per watt, occupy 7 to 12 cu. in. per watt, and cost 17 to 35 ets. per w! 
For capacities of 50 to 350 kw the weights range from 0.08 to 0.17 
per watt, oceupy 2.4 to 4.2 cu. in. per watt, and cost 3.5 to 6 cts. per 


Diesel-driven generators of 3 to 25 kw weigh from 0.11 to 0.49 Ib. pet 
watt, occupy 4 to 18 cu. in. per watt, and cost from 11 to 33 ets. per watt 


+ Delco Appliance Division, General Motors Sales Corp., Rochester, N. Y. 


ity range in weight from 0.18 to 0.22 Ib. 


‘sec. 14) POWER SUPPLY SYSTEMS 483 
anges of 15 to 85 kw, Diesel generators range from 0.19 to 0.29 1b. 
Eerait, Secupy 9 to 16 cu. in. per watt, and cost from 7}¢ to 1344 cts. 
watt. 
X.*_ Dirrcr-current To ALTERNATING-CURRENT CONVERTERS; 
Tae ourevt A.C. = 110 Vours 60 Cycues, 1 Paase 


| Tnput, | Tnput, Ont 
Code No. | , volts’ | amperes | gv Otrug | 
+e. ee | Ampere 
110 | Heavy-duty 1,800 r.p.m, 4-pole ball 
Ad | 200. | bearings, 7 1034 % 8in., 35 tb, 
10 750F 
73 150 
25 | 500¢ 
19 80 2-pole converter, 444 X 5 X 8}¢ in. 
21 150 184 Ib, 
7.6 160 
2.6 160 | 


* Carter Motor Go, Chicago, Ti. 
75 tb. 7 X 16 X8 with starter box. 


1245 X 8 in, 
Modvia wih doevoltcamip, output and woight of 8 1b, are available, operating from 
6, 12, 42, and 110 volts doe. 


Tanwe XL. Dineer-currenr To Avrernatina-current CONVERTERS; 
Ovrrur A.C. = 110 Vours, 60 Cycies, 1 Prase 


Output, 

‘Typ Input, | Input. | “volt- "| Length, | Width, | Height, 

fo, | Vglts Jampercsslamperes,| inches’ | inches | inches 
: se. 


Woight, 
Rep. | pounds 


ior og | 13.8 40] 10 6 10 21 
1216 12 | 20 160 | 10 6 10 26 
#20 | 32 | 15 #00) 1 8 10 30 

a0 | ay 3.9 800 

AT I00 | He ve | 1,000) 14 8 9 23 
ort 40 37 
min’) 3 80 16 
. 80 30 
Pies 2,000 245, 
| 00 33 
4158 2,500 315 


MOTOR-GENERATOR SETS 


35. Direct-current to Alternating-current Converters. Converters 
mit a storage battery to be used as a source of energy to-operate a-c 
‘ees, even when the charging d-e generator is not running. Since 

Many radio units are designed to operate on 110 volts 60 eycles, the 
“ohverter is often a valuable piece of equipment. Change-over switches 
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can be provided to connect the radio unit normally to utility a-e 


and in an emergency to switch to the storage-battery-converter @ 


ment for continued operation 


doubl 

one bein, 

for the filament circuits. 
88. Pri 


and Weight Ranges. ‘There are several factors which ¢ 
For d-c to a-¢ ¢ 


“ations in price and weight for a given outpt 
verters, lightweight high-speed devices are available for low ou 


arors, A-C anp D-C Motors, Anp Dyxamorors 


Generator 
: T = ° D.C, 
Iyer arc ‘vate Fitsments | and Go 
: Volts an = Tass rpg) 
| Am 
eyole | Volts | ce | 
2 | De., 50, 60 cycle 350 
17 |D. Weyele | 1,000 
872 | Dic., 50, 60 eyele | 5}000 
28D. 60 eyele 400 Doubles 
405 | D.e,, 60, 60 eyele | 4,000 cure 
45 | 32-280 dc. 850 40 
62 | 82-280 ae. 1,000 800 
| Volts | Weight, 
| pounds 
100 | 12 volts, 3 aunp. 150/250 15 6.75 
105 | 12 volta, 26, 250/800 | 100} 20° MN, 
110 | 12 volts, 50:5 amp.|1,200/1,500, 400] 36 | 
| | 


* Electric Specialty Co., Stamford, Conn, 
i ¢ output, approximately 75 per cent of that when using d.c. 
moi 


ors. 
+ 50-eyele r.p.m., 


proximately five-sixths that of d.c. and 60 cycle. 


ranging in price from 15 to 46 cts. per watt and weighing from 0. 
Taste XIL.* Piare-vourace Generators, Dousun-current Gp 


“gee. 141 
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‘Taste XU, Dmecr-currest Piate-vorrace DynaMmorors 


Input Output ‘Ayiexoutciata 
Ni ! = vover-al Weight, 
ype No. | eee ~] Mini. | dimensions, pounds: 
Volts | Amperes | Volts | Mii. | inches 
ora 4. 20 | 50 | ox5xs z 
H rh 250 100 BXKSXKS 7 
6 1 | B00 100 | 7X5X5 MW 
6 25 750 | 125 o9xX6x6 ive 
RB 82 1,000 250 10K 6X6 23M 
| | al 43 x 5 x 8)6. in., 
8 28.5 joo | 200 )| Weigh 16) fb. 
B Hy ab 790 S| Ratings are for continu. 
B ity 1,008 300 (| ous duty, will carry 76 
| 3 - | “a 150 er cent overlos on 
Li pe 1,000 a Intertuittent use 
2 a | 490 | 4800! an ang 2¢ 5 1036 ina 
ec 


* Vioncer Gen-E Motor Corp., Chicago. Other ratings are available. 
{Carter Motor Co., Chicago, Til. Other ratings are available. 


0.52 Ib. per watt capacity. Heavy-duty devices usually run at lower 
speeds and are available in ranges up to the highest outputs, varying in 

ice from $0.16 to $1.30 per watt and weighing from 0.14 to 1.00 
fh per watt, the lesser weights and lower prices applying to higher output 
devices, gts 

Similarly for the motor-generator sets listed in Tables XII and XIIT, 
the high-speed devices range in price from 9 to 27 cts. per watt and weigh 
from 0.04 to 0.7 Ib. per watt. The heavy-duty and igh-sopanity units 
Vary from 25 to 30 ets. per watt and weigh from 0.16 to 0.40 Ib. per watt. 


WIND-DRIVEN CHARGERS 


89. Data on Wind Conditions in the United States. Properly installed, 
4 wind-operated generator may be used, as an auxiliary means of charging 
{ stornge battery, over a larger portion of the United States than is 
Renerally supposed, “The Weather Bureau, under the U. 8. Department 
Of Agriculture in Washington, maintains various stations throughout the 
fountry, and data on the average velocity of the wind, prevs ing direc- 
tion, and the date and maximum velocity of wind are published yearly 
several pamphlets, entitled the Annual Meteorological Summary, 
of which gives data for one of the various stations. 5 
Most wind-driven chargers commercially available are characterized 
¥ 4 two- or thiee-bladed propeller, some type of governor preventiny 
Speeds rising much above those encountered in a 20-mile per hour wind, 
and a dc generator either driven “direct” at the speed of the propeller 
gr by a “step-up” gear drive. The governors are of several types. 
ho centrifugal “air-flap” device comprises two vanes, held concentric 
qe the propeller axle at low speeds by springs; but at high speeds the 
“ps become radial, acting as an air brake.' 


‘Wincharger Corp., Sioux City, Towa. 
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A dual tail vane is also used, to change the relation of the prop need is for a suitably high location of the generator and propeller. Local 
to the wind direction. Here the propeller axle is always \ conditions vary so widely that only general suggestions can be made. 
ground.' A third method is the" ilt back,” in'which the ‘The installation should be high enough to secure the maximum effect 
axle is moved toward a vertical position thus decreasing the effect of of the wind and should therefore be away from, or higher than, obstruc- 
wind.! “fions suich as trees and buildings. One instruction book specifies that 
A two-bladed propeller permits ready adjustment in the field of 


“tracking” of the blades and the governor is essential to prevent d \ 10 
in high winds. ‘The propellers ean be of wood, with either stainle 
or copper-lined leading edges, or constructed entirely of metal. 9 
generator is usually of the three-brush constant-current variety, gi 8 
2 
26 
a 
£4 
<= 
2 
0 


0 5 0 & 20.2 30 35 40 


Wind velocity, miles per hour 
Pio. 12.—Characteristies, 110-volt, 1,200-watt direct-drive Wincharger. 
generator, 11}4-ft. propeller. 


the wind charger should be 15 ft. above any obstruction more than 400 ft 


aWay, 
40. Reliability. ‘The amount of wind suitable as motive power can 
hardly be guaranteed for any location. If the preliminary survey of 
| wind conditions indicates a reasonable average wind velocity, the 
Sbservance of proper installation procedure generally produce 
Satisfactory results. In general, the maximum winds occur in the spring 
the minimum in midsummer, varying, of course, with the section 

ro 


- - i of the country. ‘The steadiness of output from a wind charger cannot be 
Fig. 11.—Average rome velocity of the wind for an elevation of 100 Sompured with that, for example, of a fuel-driven engine. The wind 


(Courteny of Weather Bureau, J. 8. Department of Agriculture.) ger operates at’ variable output unless the wind velocity. varies 
is Gell nt sete ad j Vo 4 certain minimum speed. . : 
maximum output at low speeds; in conjunction with the governor it k For reliable results the wind-driven generator should begin charging 


a reasonably stable current output at high wind speeds (see Fig. 12 battery at the lowest possible wind speeds, since in midsummer the 
In general the approximate hour of the greatest wind mover _ Hourly wind velocities in many localities do not reach very high values. 
the United States is at 3 p.m. local standard time, and over con 1 ere the use of the word “auxiliary generator” becomes of importance, 
more than half the country this average is above 12 m.p.h. at an é Wind generator can be relied upon for a great deal of the time, but an 
tion of 100 ft. For New York City the minimum hourly wind ve Auxiliary source of power such as a fuel-driven generator is recommended 
8 mpi. in July and August, at which time the lowest of the : Where absolute continuity of power supply is required. 
hourly velocities is 10 m.p.h. one-year curve? of the performance of a 1,200-watt wind-driven 
The attractiveness of the absence of fuel costs and the mainten Renerator, in Sioux City, Iowa, shows a cyclic output, ranging from a 
of the accessories required by a fuel-driven engine are to some ext ®aximum of 215 kw-hr. for April to a minimum of 120 kw-hr. for August. 


offset by the uncertainty of the supply of wind. In any ease the prim 


+ Montgomery Ward & Co. 
‘LeJay Mig, Co., Minneapolis, Minn, * Wincharger Corp. 
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For four wind-charger plants used on farms in Minnesota, all 
over 1,000 watts capacity, the average monthly consumption 
60 kw-hr, and the lowest consumption was 18 kw-hr. in August.' 

The wind chai 


ers are frequently employed, in wi 
f little importance, rigid mounting 


fur 
20 per cent total, each lead 
Pe It. Hence the allowable resi 
R= E/T hm, whieh is the maximum resistance 
each of the two conductors, i.e., the wires must be No. 2B. &8. 
larger. Thus two copper wires each 200 ft. long, having a minimum 


‘Taste XIV, Wixp-prives Grxerators* 


Rated output in 
20 m.p.h. wind | Rated 
1 


m.p.h 
‘ati 
Watts | Am | peres 


* From data furnished by the Wincharger Corp, Sioux City, Iowa. 


f The volt ratings are nominal, a 6-volt charger will charge a three-cell (6-yolt) les 


acid battery, a 110-volt 3 
id battery, a 110-volt battery, etc 


sh on the generator, in conjuncti ‘ith the wind governor, keeps’ 
current substantially at this value for wind speeds above 3U tsi - 


‘University of Minnesota, Agr. Eng. News Letter, No. 23, February, 1934, 
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of No. 2B. & S. are required. For higher voltages correspondingly 
emailer wires may be for a gi watt rating. In any case short 

decrease the first cost by requiring smaller eables, but the 77 dro 
thould be lower than 20 per cent if possible, preferably 5 per cent, or 0.1 
yolt on a 6-volt system. : . 

48. Capacitios and Types. | Wind-driven generators are available for 
outputs of 6, 12, 82, and 110 volts. Standard gear-driven models are 
fvailable, ailowing the use of smaller sized, higher speed generators, as 
well as direct-driven generators which have the same speed as the 


construction. 
44. Radio Interference. Since the generator is high up in the air, 
it is essential to prevent radio waves from emanating, and the com- 


"mutator ripple is usually minimized by built-in condensers. In addition, 


however, it is su ted that the metal parts of the tower be solidly 
grounded at the ne and that one of the lead-in wires to the battery 


be bron . 
46. Maintenance and Depreciation. Generators are permanently 
lubricated, but provision is made for removing a cover to lubricate the 
collector rings, ou which the propeller-generator unit moves as an axis. 


| The smal! number of moving parts reduces maintenance to a minimum. 


the larger models the design is arranged so that the units are indi- 
lly asgembled. For Gaines the Care can be removed with- 
out disturbing the balance of the propeller, and the collecto» ring can 
removed without disturbing the generator ane With reasona- 
caro, depreciation ranges from 5 to 20 years and thus can be figured 

At from 20 to 5 per cent per year. 


RECTIFIERS AND CHARGERS 


‘The general types of rectifiers which are mainly used for supplying d.c. 
for radio power from various a-c supplies are as follows: 


Both types have certain maximum inverse voltage ratings, i.c., t 
det safe voltage which can be applied to the tube in the non-rectifying 
urection. Both types have maximum current ratings, either in r.m.s. or 
alues, or both. Indirect heated vacuum rectifiers are used 
enerally on'voltage doublers and have a maximum safe voltage which 
“an be applied between heater and cathode. 4 
pedlOtcat jode mercury-vapor rectifiers usually require cathodes to be 
{sted for periods up to 1 min. before plate voltage is connected. ‘These 
“ubes must be used in circuits whieh limit the current, since mercury- 
‘Por rectifiers operate at practically constant voltage drop and thus 
“ould be ruined by too high a current demand. 


‘Thero are two general fypes of rectifier tubes, vacuum and gas fied. 
e 
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46. Characteristics of Rectifiers for Receivers. Figure 13 

average plate characteristics for receiver-type rectifiers. The 

rectifiers have a varying voltage drop (vertical coordinate) with 


i — 
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Toc, milliamperes 
Fi, 13.—Average plate characteristics of receiver-type rectifiers. 
drain (horizontal coordinate). The equivalent types of tubes are 
in the figure, eg., 80, 5W4, 5Y3G, 5Y4G, 5Z4, each of which is 
sented by the line labeled “80.” 'On this figure the average m 


838 5% 


AC Volts (peak) 
s 


g 


th 
‘On v 10 wo 00 ~—«10000 
Nilliamperes,d-e 


Fie. 14.—Half-wave rectifier characteristics, useful for receiver 


vapor rectifier drop is indicated by a horizontal dot-and-dash 
at 15 volts, and does not with current drain. 

Half-wave rectifiers, by the high-voltage circuit of Fig. 
have output characteristies shown by Fig. 14, and the peak im’ 


' Figures 13, 14, 15, and 17 are reprinted by courtesy of Aerovox Corp., from 


Acrorox Research Worker, August-September, 1937. 
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is 2.83 times the transformer voltage. A full-wave rectifier, 
Bee An vig d hai ouipait chavanierieties shown by Figs 15/4iy 
tak inverse voltage is 2.83 times half the secondary transformer voltage. 


r nf, 
aor 
3 
£140) 
360 
a 
TT) 
OR 
a 100 1000 10000 
Milliomperes,,d-c 


Fic. 15.—Full-wave rectifier characteristics. 


A typical yoltage-doubler 
shown by Fig. 17. For 
two rectifier elements 
1G, 25Z6GT. 


It is not 


fo the negative of the other. 

ible to use a dual electrolytic condenser 
for voltage doubling if the negative lead is RMS, 
fommon. 


. Voltage-doubler tubes are often used 


in u-c receivers with both plates and 
both cathodes cgonnected in Parallel. 
is connection does not permit vo 
doubling, reduces the intemal drop below a 
t of a single element tube and in- Fic. 16.—Voltage-doubler circuit. 
s the rectifier output from a low , 
Foltage a-e supply line. On d.c. the tube acts as a resistance and also 


- forces the user to plug in the set with the proper polarity. 


As a voltage doubler the two half-wave rectifiers operate on con- 
Skeutive half eyeles of input power to charge their respective condensers. 
The load is connected across the two condensers series. The ripple 
frequency is twice the line frequency. ‘The maximum inverse voltage 

lied is 2.83 times the applied a.c. é 
8. Vacuum-tube Re with Filament Cathode. This type of 
feetifier is used in nearly all a-c powered radio receivers and has numerous 
“pplications in higher powered circuits. Oscillograms! showing the 


‘Wise, Rocen, Radio Broadcast, April, 1929, pp. 394-895. 
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effect of different load cireuits are given in Figs, 18-and 19. In jube being 540 ma, and the output current 102 ma, a ratio of 5.3:1. ‘The full- 
figures the letters a to ¢ refer to similar load crrcaiis, a being a si ora Ly peak cmens aS cape ptemerdane | Seepey current ta 115 ze a 
resistor load, b a 4-uf condenser across the resistance, ¢ a 20-henry Tétrent is 130 ma and the lond 45 ma, n ratio of 2.9:1; while the full-wavo 


in series with the resistor, d a standard three-condenser, tw 


filter with load resistance, ¢ the same as d with the first condenser o1 2 Time—= 
2 
bs [ 
L = 
2k 4 
3! t iS 
H é 
ei 
© 90} 2 
* 0 2 
q t 
or 00 1000 10900 
Milliamperes,d-c 
Fic. 17.—Voltage-doubler characteristics for receiver cireuits. 


Time i 
Fic. 19.—Full-wave rectifier, different load circuits. 


Peak current is 110 ma and the load 96 ma, a ratio of 1.5:1, In all these 
curves the power transformer was the same, and an idea of the relative output 
nee = currents can be secured by comparing the desired circuits of 
8 and 19, 


the standpoint of the rectifier tube, these 
figures show that the omission of the first filter _/ B 
condenser will decrease the high periodie loads ¥ 
Which are required by ‘the, standard filter having aaa SEY 


‘An input condenser. y referring to Fig. 34 it will 
be soon that the omission of C1 decreases the avail- _/——/-——/— _ 5 
e voltage. and this is verified by the curves in 


Figure 20! gives the loud current, through several LLIN 

*¥clos, for several forms of filter. | The letters are 

finde the same as for Figs. 18 and 19 wherever = ~~~ ¢! 
ble. Curve B of Fig. 20 corresponds to the 

- ja U{Xe of the full-wave rectifior of Fig. 19 while B’ gw 
the same as b with the condenser capacity — 

abiroximately six times as large. B’ 

fix 1,107 & half-wave rectifier, and B’” has about 

the ites 48 much capacity as_B” but is otherwise Fic, 20.—Lond_ cur- 

the same. Curve C corresponds to the regular cof rents for several forms 

ty lotmer figures, and C’ is the same as ¢ with of filter. 


For each load three factors are shown, the V letters denoting the Barre et ee eat tea ino intonsed to neatly six. timen {ta 


graph vibrators, the transformer secondary voltage being Vs, the orig ‘ 
current Vz, and the load current Vj. The curves of special interest are coma! value, Curve D resembles the dof the former figure, except that it 
of d and ein Figs, 18, and 19. In both figures d shows a severe load Tee only one filter sec onal fae 
being drawn from the rectifier tube, the peak eurrent from the half _ * Keutatay and Bawrox,-Jour, A.IE.E., January, 1928, p. 17. 
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Fic. 18.—Half-wave rectifier, different load circuits. 
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49, Hot-cathode Mercury-vapor Rectifier. The hot-cathode me js characterized by an efficiency of about 90 per cont from 10 to 125 per 
vapor rectifier! differs from the mercury-are tube in two respect cent rated load for a typical 300-kw 275-volt d-c output from 2,300 volts, 


It operates at a relatively low temperature, so that the vapor pi three phase, 60 cycles, ‘This is a higher efficiency over a wider range of 
low. This low mercury pressure gives a useful characteristic, a h Jouds than is possible from a synchronous converter or a synchronous 
breakdown voltage in the inverse direction, (2) The electrons motor-generator set. « 

emitted from the filament and not from a pool of err meg In the se The high vacuum required is maintained by a mercury-vapor pump 
respect this tube resembles the vacuum-tube rectifier, but the differa ais a rotary pump, The latter, automatically controlled, is hased only 
lies in the much lower potential drop due to the neutralizing of ashort time each day, 
filament space charge by the positively charged mercury ions. Ignitrons are particularly useful for supplying high-current direct 

‘The filament-to-plate drop of the mercury-vapor tube is about voltage below 600. 
volts and is practically independent of the load current 63. Dry-contact Rectifiers.! At present the dry rectifier field in the 


t. This low 
gulation and increases the available d-e output, ‘This United States is divided among three different types of rectifiers, the 


iting and does not require the starting mechanism of the m copper sulphide,? the copper oxide,* and the selenium.‘ ie 
cury-are rectifier, * E . Copper Sulphide ectifiers. ‘lhe copper sulphide rectifier is 
. B Chargers. For low-voltage high-current  recti assembled from disks of copper sulphide and magnesium, with or without 


,. tungsten-filament Rectigon and Tungar bulbs fill radiating fins, mounted on bolts and clamped together under high 
largely that of charging storage batteries, and no fil pressure. ‘The rectifier is characterized by small size and weight, 

is ne application. ‘ : ability to operate with a high temperature rise (100°C.), by its low 
Filters have been designed for use with these rectifiers, so that cost, definitely limited life, good voltage regulation, and poor efficiency. 
output can be fed directly to the filaments of d-c radio tubes. The thermal capacity of the element is relatively low. There is also 
design a proper low-pass filter for d-c tube filament currents, Eqs. some difficulty in operating units in parallel, generally requiring separate 
and (2) Art. 62 should be used, as the chart of Fig. 30 does not cover transformer secondaries for cach rectifying element. ‘There is also a 
range. ‘The condenser has to have a large capacity, and low-voltage limitation as to the number of elements that can be operated in series, 
electrolytic condensers are often used. In using these condensers it $0 that the rectifier is found only in the low-voltage fields. An additional 


important to connect the correct polarity to the rectifier. limitation exists in the range of sizes of the rectifying elements due to 
the high pressure required. They cannot be used in the small-power 
classification, ¢.g., in instruments. j Hy # 
_ The proper field of application for the copper sulphide rectifier is for 
intermittent duty, where the definitely limited life ean be stretched out 
over a satisfactorily long time and where in addition the initial cost is 
Mportant. Among ried applications are power wi for operation of 
Various types of electromagnetic loads, such as cireuit-breaker solenoids, 
and in intermittently operated battery chargers such as used around the 
home, The low efficiency and definite life limitations appear to bar this 
Fectifier from fields where long life and good efficiency are paramount. 
55. Copper Oxide Rectifiers. The copper oxide rectifier is assembled 
Bom oxidised copper disks with lead washers, with or without radinting 
ins, clamped on a bolt under high pressure, or from large area low- 
thermal-capacity plates furnished with sprayed or plated collecting 
Surfaces, which can be assembled under little or no pressure at all, This 


Tante XV. Barrery-cuarcer Tope Cuara 
(All half-wave single phase) 


eitacsenk ‘Mesimum d-c anode | 


Number* 


|, Volts | Ampores 


289415 
289416 
760776 


*Style number of Westinghouss Electric & Manufact .. Rectigon 
General Electric manufactures # tubes under the name 


it a y. ‘i tectifier is characterized by its large size and weight, its limitation to low 
mput unats ir tae dala Tote Baboon toe ee Ge ea oa temperature rises, in operation. (15°C), good. effcieney, poor voltage- 
yenuunn reetloar’ s With; the introduction of tke arescuny- taro Tegulating characteristics, indefinitely long. life, high thermal capacity, 
any oh the'adnagtacte abehetner Fedliiiaclaw volega 4nd high initial cost, ‘The rectifier is flexible as to size of clement of any 
tghy aftiotaniiy-e were duplieated, . The wnercary aicstibs roa to gh ctifier, elements in production today ranging from 1jq-in. diam 
starting electrode, and usually © mechanical tilting device for ata Hah S4 ins in area, Figure 21 shows a typical £-1 curve for a 134 


62. Igniter-type Mercury Rectifier. A mercury-pool cathode pr 
vided with a thyratron igniter is called the wenden. This reel 


rockengleichrichter,”’ Oldenbourg, Berlin, 1988. 
d by the B-L Corp., St, Loui: 


3 . Louis, Mo., and by the P, R, Mallory Co., 
Mlianapolis, Ind, " 
Co, Manufactured by Westinghouse Electric & Manufacturing Co. und General Electric 


1 Pree and Maser, QST, Fi ary, 1929, p. 20. 

2Pnnvce and, Voapee, “Principles/of Mercury Are Rectifiers and ‘Their Ciret 
p. 23, McGraw-Hill Book Company Ine., New York, 1927. 

* Westinghouse Blectric & Manufacturing Co., East Pittsburgh, Pa. 


Manufactured by the International Telephone Development Corp., New York. 
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ampere characteristics this rectifier e 


rovided it can be econ 
justified. Its high thermal cay 
ticularly in the disk type, and 
of the elements to withstand high voll 


rectifier very useful in intermitt 
loaded applications, such as the oper 
ireuit-breaker solenoids. 
Selenium Rectifiers. | Thesele 
rectifier is assembled from plated 


ra 
ical Reetox cur- increas 


Fie, 21.— 
rent-voltage curve. 


disk spacing. This rectifi 
noted for its small size and weight 
Z pared to power-handling ability. 
The efficiency is comparable with copper oxide, and the permi 
operating temperature is higher. Voltage overloads are not permi 
but the rated voltage per disk is higher than copper oxide and 
riod current overloads are permissible. Fields of application 


exbility are roughly the same for selenium rectifiers as for copper o 


except that selenium rectifiers are not available for very low cap 
uses, such as oe instruments. 
Information as to the life of this type of rectifier comes from 


where it has been in use for about Il years. Long-term service t 
have not been completed in this country since the American prod 


has been available for less than 2 years, 

67. General. From the above brief descriptions, it may be seen 
copper oxide and selenium are nearly alike on the basis of perform 

ith selenium having the advantage as to 
size and weight, and rsa cs having the 
advantage in range in element sizes and use 
on instrument applications. 

Neither of these rectifiers is compe 
with the copper sulphide rectifier in those 
fields where efficiency is unimportant, oper- 

is intermittent, and first cost is 
significant. Copper sulphide rectifiers 
reach into fields, which are also supplied by ; 
copper oxide and selenium, such as railway battery charging 
electroplating. 


Rectox rectifier. 


A typical rectifier circuit employing a transformer without a center 
in Fi When A is positive, the path of the current is ADI 


is shown in Fig. 22. 


used for almost any application requ 


for short periods of time have made 


isks coated with selenium and spray 
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sn Cs postive, the eurent path is CDBA. During the time that A 
itive, nearly the entire transformer secon voltage is applied 
Pes the bridge arms DC and AB. ee 


\ LOW-POWER TRANSFORMERS FOR RECEIVERS 


a 


no urgent need for high efficiency. An S80 per cent efficient 
er which takes 60 watts to supply 48 output watts is fairly satis- 

y if it can radiate the heat which it generates. 
am See Sree chereted at a fairly constant load. This 

coves the maintenance of the various output voitages as 
Winding will have a constant IR drop. ee 
3. The load on the transformer second: 

The filament power load is essenti 


jf Small Transformer Details. Economy in a transformer is secured 

When the winding encloses a maximum of core area with a minimum of 
Wing, and the magnetie path should be as short. as possible, 

core form of a small transformer ean be of several shapes, but it is 

e standard punchings shaped like capital letter Es. Asa rule, 

Punchings are used, one having longer legs than the other so that 

tony mugnetic circuit “breaks joints” in stacking the Another 

Wind 0% Usually followed in small transformers is the use of a single- 


y tore’ form, all secondaries and primary being on the middle leg of the 


* spool form is usually an insulating tube, and side pieces may be 
a which terminals are placed; or, if the coil is to be aching wend 
Proviga rove” cotton, the side pieces can be omitted, and flexible leads 


’ 
Manoxn, E. L., Blee. Jour., October, 1980, p. 601. 
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Eg oy 
$ Find te total wets needed for pinay © Wet a 
Assuming 90 per cent efficiency W, = W./0.9 
ce. Find primary amperes assuming 90 per cent power factor 
ihn ‘fe aL 
E, X0.9 ~ O0.S1E, 


and for Ep = 110 volts, J, = W./89.1 amp. 


A 

a5 10 5 

AsCore Area,sq.in 
Fig. 23.—Small Fro. 24.—Core-loss curves Armco Radio gr 

power transformer (60 cycles). 

core area as a func- 

tion of watts. 


2. Size of Wire. Knowing the current for each winding, the wire 
determined by the circular mils per ampere which it is desired to use. 
rule is to use 1,000 cir, mils per ampere for transformers under 50 
1,600 cir, mils per ampere for higher powers, 

"3. Core Considerations. A curve showing core areas for different 
Fig. 23 which shows the area for 40 watts to be 1 sq. in. 


and 120 watts, 2 


core is the same as 

the spool, making a 10 per cent allo 
a for example, a spool 1 
inside would enclose 2 sq. 

for & 10 per cont loss, on 


turna per volt. 
4. Core Loss and Induction. 
density at which the core is to be 
loss. Fi 


0 O30 60 
Cycles per Second 
Fra. 25.—Core loss versus fre~ 


‘quency 2 = 10,000. aie 


r ing of a curve such as Fig. 24 dep 
largely on experimental data, not directly on a theoretical basis. F 
reason, no definite value of the core loss ean be given; it depends on the q 
of core material which is available. It should be noted that better and b 


use 0 
/ ancommon, 
"frequency. &t 
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torial is constantly being made, having lower loss per pound, so that 
ore mater ather flux densities is becoming possible. Up to 15 kilolines is not 
is application. ‘The core loss increases with 
eal curve being Fig. 25. 
Say iduced-vollage Equation, Turns 
that 10* magnetic cut per secon 
thats of the equati 
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Volt. The elementary det 
induce one volt pressure, 


Ez x 444 


BANS 

pate (5 
whore E = voltage 

A = area of the core 

B = flux density in the same units as A 

{ = cycles per second 

N = number of turns. ; 
‘A moro useful working equation for small power transformers is obtained by 
solving for N/E in turns per volt: 

Wy oe 
EB ™ BAjiaa 
Figure 26 is an alignment chart of this equation. The left column is the 
flux density B, in both kilolines per square inch and kilogausses (kilolines 
square centimeter); the center column is the net core area in both square inches 
and square centimeters; the right column giving the turns per volt for both 25 
and 60 cycles per second. E 
Using a flux density of 65 kilolines per square inch and the net core aren 

mentioned in step 3 (1.8 sq. in.), the turns per volt for 60 cycles are found to 
be 3.1 turns per volt. Thus, for cach volt on the transformer, there must, be 
3.1 turns. '8 per volt to an even number 


‘t is customary to change the tu a 
#0 that center taps can be provi In this case, by using 4 turns per 
volt, with the same core area, the induction will be lower, with a corresponding 

wer core loss. It is also quite possible, and sometimes advisable, to change 
‘tho core area so that an even number of turns per volt is given. | For example, 
by increasing the core area to 2.8 sq. in., 2 turns per volt could be used; by 
pecreasing to 1.4 sq. in., 4 turns per volt would be used. The reason for 
desiri even numbers of turns per volt is to supply the }4-volt steps for 
receiving tubes, such as 6.3 volts, which would require an integral number of 
turns when the turns per volt are used. 
_. Tho voltage drop in the transformer winding should be mentioned here, and 
it will be again taken up in detail in the example. For instance, the load 
Voltage at a tube filament is lower than the no-load voltage by the amount 
6f JR drop in the winding and the connecting wires to the tube. Thus it 
may be that to secure 6.3 volts at the tube filament, the transformer no-load 
Yoltago will have to be 7. _In this case any integral number of turns per volt, 
tithor odd or even, will suit the design. 

6. Turns for Winding. In step 1 the desired voltages 

te.” Using the value of turns per volt in step 5, the total turns for 

Sch winding are found. For example, with 4 turns per volt, a 110-volt wind- 
ing should have 4 X 110 = 440 turns. aS 

7. Winding Space Required. From the total turns for each winding, and 
the wire size, the total area of winding space is calculated. Different wires 
4nd insulations have definite turns per square inch. ‘The method of insula- 
tion, however, may have these values vary by factors of as much as three to 
Vie. That is, 1 900-turn coil wound in layers with enamel wire may take up 
a. in. of cross-section area. By interleaving thin insulating paper between 
8¥ers, only 600 turns can be wound on a square-inch area; and by using & 
fettain sizo of f cotton interwoven between, fums, out 400 turns can be wound 
Ba square inch. Thus the space of winding depends to a large on 
Kind’ and thickness of insulation. Double cotton-covered wire takes up 


were given, 
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considerably more space than enameled wire. Yet, if the ext 
{oat ah ogame for the interlayer protection is considered, the space 
may not be so great. i 
After adding up the winding space of all the windings, the area 
compared with that of the core. If the winding will go in the core space, 
part of the design is finished. 
If the wires will not go in the available », the winding may be 
signed, or the core area increased. Using thinner coverings for wire, fe 
secondaries or fewer circular mils per ee will space 
for the wire. A larger iron size or a thicker stack of the same sized iron 


Turns per Volt 
30710 
Cy 
Core Areo 20 450 
Gk od 40 
Flux Density 05 Fio 1S 
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1 
Fra. 26.—Transformer design chart based on B = BANS X 4.44. 


increase the core area and allow a smaller number of turns per volt, 
one Copper Lose a Pied cha legeiieo ty rage 
. Copper Lose. a. Fin en e mean (average) turn in 
b. Find the length of each winding in fect by multiplying the nambor 
turns by the mean turn length. 
From wire tables find the ohms per 1,000 ft. for the size wire used, 
then from 8- the actual ohms for this length. 
;d., Multiply the current squared for each winding by the ohms for 
windiny 
Add the I*R's for cach winding to get the copper loss Ls, 
Core Loss. The core loss in watts Ls is found from the weight of 
core “and flux density and kind of core used in step 4. A useful factor 
that 4 per cent silicon steel weighs 0.27 Ib. per cubic inch. 


‘Sec. 141 
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. 2 W, X 100 " 
10, The approximate percentage efficiency is WoT, + Ty" W. being the 


a greate 
i050 desirable, 
e by reduc 
mall 


ean be don 


61. Typical S 
wave rectifier supply, 


step 1). a 
Tre Go ehore ebout 90 per cent efficiency, 
Ig muck oss than 90 per cont, step Ta, must be modi 
Ot pong ut will prevent overloading the primary winding due to its carry- 
er current than that for which it was designs 
‘as a rule, to keep the efficiency above 90 
cing Za and Le by ung lager wires o larger cores 
er Design. ‘ 
‘lamest supply for rectifier and reveiver, and works 0” 


Nore. Ifstep 10 


jesign is complete. 
a new larger value 
jis will not change the 


cent, and this 


is transformer gives a full- 


‘a primary voltage of 110, at a frequency of 60 cycles. 


it 
ood 
(rebes 


Power 
Transformer 
Pio. 27.—Typieal a-e powored unit for furnishing B and @ voltages. 


1. The desired secondary voltages and curronts are as follows: 


B, volts J, amperes | Use Watts = BI 
ae Bond C supply 24.75 
a sm | pigeme | Re 
50 2.0 Rectifier filament po 
63 1.8 Filament 3 
25 30 | Filament 


2. This transformer is 
_ urrent density to use in 


4/0.) = 78.34/09 
Waieod = 73.34/89. 


. so 1,500 cir. mils per ampere is the 
Aiding the proper-sized wire. The wire sizos, with 


Volts Amperes | Size wire 
110 88. 18 
330, 0.075 29 
330 0,075 20 
5 | 2.0 “4 
63 18 16 
1.5 | 3.0 1 
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identifying current and voltages, are listed in the for table. The: 
CC eter sealer oops the TH drop lover than een til 
smaller wire. However, if the use of these larger wires makes too | 
winding cross section, smaller wires must be used. 


4 
Ry Ry 

te 

= 

b 

? 

% 

i Fhe 
Screen Ord == Radio Ampli Lost Audio 
3 io Amplifiers (est Au 


Fie. 28.—Voltage divider with graded filter. 


The flux density used is 65 kilolines per square inch and 4 
sligon iron with a loss of 0.6 watt por pound. bee 


The turns per volt for 65 kilolines per square inch and core area of 
in. give three turns per volt. ? 
‘The turns for each winding are as follows: 


Volts 
110 
330 
330 
5 


15 
6.3 18,.9(20)* 


1.5 4.515) 
* It is usual to add 44 to 1 turn to filament windings to allow for the /R 
windini® uayal te add #4 to 2 turn to filament windings to allow for the 12 drop in 


7. Winding space, in square inches, using enamel wire, follows: 


Ohms per Actual TR volts 
1,000 ft. drop 


a. The mean turn is 11in. = 1 ‘ 
b. The space needed is 1.6 eq. space available is 1 X 2 = 2 sq. in, so 
‘space can be used for the spool and for insulation between windings and layer 
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] 
SE, Turns Actual space, 
Tee | Sizowire | gquare dich square inch 

ss | ie 
400 
‘ ooo 3 3,500 
990 2 3,500 
ub 4 175 
20 wb 220 
5 BR 120 
Totol......-+- poms 


¢ The copper loss Li is 3.05 watts 


&. The core weighs approximately 5 Ib., which at 0.6 watt per pound gives 
5 X0.6 = 3.0 watts = ee 
&. Watts output = 784 = W. 
Losses = Li +L: = 3.0 + 3.05 = 6.05 watts 
34.100 _ 7.834 
34 + 6.06 ~ 84.39 ~ 98 Per cent 


y i u hich 
Nore... The copper lossee are approximately tho same asthe fron lon, w 

indieation of good design. : 
ie gvrsity a ndiation of E90 san thatthe drop in the winding 


Per cent efficiency = 


is not serious. . ¥ . ‘ 

qn ighs 5 1b., and the copper winding is 2.8 1b,; allowing no weight 
for insulation dias transformer gives 78 watts output for 7.8 Ib. oF 0.1 Ib. per 
watt of output. 


FILTERS FOR SMOOTHING RECTIFIED AND GENERATED D.C. 


. =] ‘he filters used to give d.c. from rectified a.c. 
tread sg een aes Low-pass filters are divided into two 


Attenuation 
Attenuation 


8 fe Frequency ca Frequency 


(a) @) 
Fia. 29.—(a) Low-pass filter. (b) Tuned low-pass filter. 


lasses, tuned and untuned filters. ‘The tuned filter offers a maximum 
impedance or attenuation to the frequency of the supply, but the imped- 
nos at near-by higher or lower frequencies is not quite so great (see 


books: K, 8. Johnson and 
Transmission Cireuits for Telephone Cireuits”; G W. Pierce, “Electric 
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Fig, 290), although the general trend of the curve is a risi 

us the iiernciny.timreneer barge ieee 
The usual form of untuned low-pass filter is that of Migs. 27 and 

using three condensers and two chokes. ‘This filter (Fig. 29a) hi 

continuously rising curve of impedance as the frequency. ine 

To obtain good filtering with this filter, it is desirable to choose Jo 

frequency at which attenuation begins, as low as possible, ‘The equati 


it ear 3 the proper inductance and capacity for this filter 


where f, = frequency at which attenuation begins 
© = capacity in farads 
R = resistance in ohms * 
subj tdustanee in henrys, 
s this is an often-used type of filter, Fig. 30 is devised to gi 
af Hepa (1) aud (2) fica av vanhant chart Gorm the fo ei f 


te 
(les pr Second 5 of, 
3 Me 
é 
0 00 
vf 5 
060 
50 0 
40 
» $0) 000 
19900 
0 a 
D2 pns soon 
a Te 
0 pe LDR reas 
te 


Fig, 30.—Low-pass filter design chart, + section, 


oe to night os te i alee Ne 
Cin microfarads, ‘Thus with any two of the f 

ing two are determined from this chart by a strarghtadee worsen aha 
known factors. is 


‘The third column R is the usual starting place f 
Hoke when the voltage divider and tul load 1 ao heat 


been alo 
er second, the values of L and Care quickly devevnined. Te ie oe 


seo. 14) 


resistance lo: 
feasible. 


i 
63. Ripple per Stage. By assumi 


not affect the values of L or C, a usel 


eoncerning the amount of filtering 
needed in each stage for the circuit 
thown in- Fig. 28, Suppose the 
output stage is supplied with plate 
powor which is filtered 2 per cent, 
#0 that its hum is reduced to x per 
‘cent of its unfiltered value, and at 
this value it gives no noticeable 
hum in the loud-speaker. - Sup- 
we further that the amplification 
Botiween the plate of this last tube 
‘and the preceding tube plate is A. 
Then the preceding stage must 
have its power supply filtered 2/A 
per cent. This means that, the 
ripple in the plate supply of the 
next to the output stage must be 
1/A as much as the output stage, 
because of its amplification. Fig- 
ure 31 gives this relation in useful 
graphic form. Ifa stage of am- 
Plification has a gain of 25, it is 
essential that the preceding tube 
he supplied with plate power with 
one twenty-fifth the ripple, or 4 
per cent. An LC product ‘of 56 
will give this degree of filtering at 
cycles, Bonanane to Fig. 31, an 

‘af condenser whiel 
64. Resistor-capacitor Filter. A 
resistors instead of chokes, is frequet 


Power so te 
der. « 

ME yo 7 
SO, C2 


ia. 82,.—Cireuit which minimizes 
feedback. 


resistance of as great a value as the impedance can be em| 
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resistances require chokes of large inductance values, but as high- 
mean small currents, the use of large inductances is 


‘ing that the load resistance R does 
ul approximation! can be secured 


07. 
oe 


Percentage of Original Hum 
jf 
T 


AEE 


700 


eco 
Ga S- 
mma 


i) 00 
Frequency 


Fic. 31—Smoothing effected by 
various productsof inductance (henrys) 
and capacity (microfarads). 


d this means a 28-henry choke and a 


are close to standard values. 


similar circuit to Fig. 28, using 
intly used to provide an extra degree 
of filtering for stages, preceding & 
power stage (see Fig, 32). This is 
especially useful when the output 
stage requires a high voltage and 
when the voltage for the other stages 
must be materially reduced. The 
reason chokes are used is that they 
have high impedance to the un- 
wanted rectified a.c., but low resist 
ance to the desired dic, Now, if the 
amount of d.c. is no great object, a 
loyed, and this 


is quite useful in some eases where the'voltage is to be redues!: Tf, asin 

ig. 32, two stages of choke and condenser filtering are used, the additional 
fesistance and condenser filter stages simply increase the amount of filter- 
ing Without the extra cost of chokes which are more expensive than 


‘Cocxixa, W. T., Wireless World, Nov. 


19, 1980, pp. 565-568. 
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resistors. The RC values and the degree of filtering are [ee in Fig. 

and the use is the same as that of Fig, 31, ‘The circuit of Fig. 32 is q 

similar to Fig. 28, in eliminating the undesired feedback effects, 
The use oft 
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i ives the percentage hum as a function of the current drain. 
tren fiat the higher the values of C; and C3 the lower the per- 
fentage hum, It should be re- ‘ 


‘he chart (Fig. 30), based on Eqs. (1) and (2), gives ered that increasing cur- L 
satisfactory results, but. the experim metmmeans a decreasing load - 
\ curves! showing the effects of load resistance. From Fig. 30, as- 93 = 
89) different condenser values are quite int fuming f, is constant, the ea- “0 ——— 
6) ing and will give a clearer idea of the vali city should increase and the rc 
i F Of tho chart.t Inductance decrease as the load \ 
x0) ‘ 65. First Filter Condenser. The effect resistance decreases, Thus, as  § le, _| 
the first filter condenser, shown dotted Fig. 37 was taken using the same 5 (9! = Se SS 
20) Fig. 27, is to raise the’ available outy = ~ 3 
Ke Vollage, Figure 34 gives the output vot up Fo aN SES 
< available as the first condenser Cis chan, j Stn ZN 
19] as a function of the load current. to rt le RS 
8 . 4.003 CaN 
6 > 5 60 é 
4} \ z ‘000 iS) 
4 
3 Ph al i] 2 
ey 8 ) 
2 $ Bx oO 
» 300} 
1 2 ‘ot se BB Cig 
08) x 3 x0 Cyingf Capacity Cy in poh f 
06) Effect of Ci on Fia. 36.—Percentage Sipe sas Seneltow 
8 TH ripple in output. of Cz and Cs, 
2 30 40-500 80100 — 200-300 oan ro inductance coils throughout, larger values for Cz and Cs are needed as the 


Frequency 


Fig. 33.—Filtering effected 
by resistance (ohins)-capacity 


40 Cy 
Load, milliamperes 


Fic. 34.—Effect of Cy 


available, 


on voltage 
(microfarads) circuit. 1 


_ Figure 35 gives the per cent ripple in output as the capacity of 
is varied. This curve shows that the use of a single condenser C, 
never reduce the ripple much below 10 per cent with a reasonable val 
of capacity, Much less than one-half of 1 per cent is needed in a 
filter, and, as:at least two condensers must be used to provide a sit 
filter’ section, Fig. 35 agrees with the theory. é 

66. Second and Third Filter Condensers. Figure 36 ives the 
cent ripple as a function of Cy and C; for a given current drain, It 
be seen that, when Cs = Cy, the most economical filter results, 
example, suppose the ripple ‘permissible to be 0.1 per cent... This 
be supplied with C, = 0 if Cy = 5 uf, a total of 5 wf. But this ean 
be met with C, = 2 uf, and C, = 2 yf, a total of only 4 uf. 0 
line gives the ripple value where C's and’C; are equal. "The per cent ri 
Sais, of course, apply only to a specific filter, but the relations bet) 
the condenser values hold for similar filter cireuits, 


+ The curves (Figs, 34 to 38) aro experimental eurves taken from the Aerovor Resea 
Worker, articles by Sidney Fishberg, research engineer. 

2A theoretical calculation of the effects of Ci, Cs, and Cs on the output voltage 
given in Gen, Blec. Rev., 19, 17, 1916, 


current drain increases. It is almost certain that the inductance values of 


+ bh L 
b v 
=! sc a 
é, | 
1.0) (a) 
iA by 
08 st : 
3 i ae lees IR 
406 it ti 
g ® 
iS] ly By Ba 8 
ol & 0G Om 
oo 0 0 6 10 40 re 
Current Drain,milliomperes . 


2 — i Fie, 38.—(a) Low-pass fil- 
Pie. 87-—Percontage ham oF © function and te) ued lowe 
pass filters. 


i To a 
the chokes decreased as the current through them increased. 
certain extent this inductance decrease does not interfere with the 
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filtering, especially if the capacity is increased, as, referring again 
Fig. 30, fehen the resistance decreases to half a certain value, the cap 
should be doubled, while the inductance need be only half its 
value, if f- be kept the same. Thus in Fig. 37 as in the other fig 
the experimental facts agree with the theoretical chart (Fig. 30) 
oo (1) and (2) for this type of filter, 

. Swinging Choke. A *swinging” choke is often used in transmit 
circuits as the first choke following the rectifier. ‘The inductance of 
type of choke varies from a maximum greater than that shown to 
needed by calculation, at no load, to a minimum equal to that shown 
the calculation, 

_ 68. Tuned Low-j Filter. Two tuned low-pass filter circuits 
given in Fig. 38, 6 and c, whose attenuation characteristics were gi 
in Fig. 296. For comparison, Fig. 38a gives the ordinary low-pass 

For the tuned filter of Fig. 38a, having the series chokes shunted by 
condensers, the equations are 


a 1_____0.07888 
4xfeRaVva® —1 ~ f.RaVa® 
Ci = 4C,(a? — 1) farads 
L = RC henrys 
anf 
For the tuned filter of Fig. 38¢, having small chokes in series with the 
densers, the equations are 


Ma? =1 


Cy 


farads 


— 0.3183-Va? =1 


Ra farads 


If wide variations in the supply frequency were likely to occur, 
type of filter would not be advisable. ‘As nr 1 


et rule the frequency of ina 
power companies is now 

stant enough 0 

electric clocks, and this is quite goo 

enough for this type of tuned 

cuit. However, the values of C; 

Ly, and Cs, Ly have to be accura 


Fic, 39.—Tapped choke-filter cir 
cuit. 


warrant. A combination of tuned low-pass filter and the regular-typ 
filter is sometimes used with very good results, 

69. Filter Chokes Having Mutual Inductance. An interesting typ 
of filter is one in which the first and second choke are magnetica 
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igure 39 shows a tap on the first choke! to which the positive 
Fee en idee comico are oouneotedlUhe.s-ucatneaehe 
Foving through the Ly section of the ehoke, neutralizes to a large degree 
flowing component of Ls, so that the output ripple is reduced. Figure i 
the o-< he relative a-e output ripple with a variable C2 as the tap on the 
ot is,changed, so that iis uses [rom 10 to 40 per cent of the total turns: 


‘of the choke. 


y 
v0) 


02 OF 06 Cy 0 
Cz , microforads 
Fic. 41.—Condenser values for 


tapped choke filter (Fig. 39). 


i Cy_and C; affect the relative a-e 
Faas eve he hose curves indicate that the best Cs value 
irly indepen Cs 

TO, Dees et hiltes Chokes. it isémportant that the filter choke be 
designed to carry the desired d.c. and at the same time to offer the 
hecessary reactance to the a-c component. A direct method of Gre fe 
has been derived using both the normal and incremental permeability 
‘curves for the core material. 


‘The derivation gives the two following working equations: 


1 
»(2 + ) x10" 


is ay 

Tv 
Nr (2) 

U 

Where L = henrys 
£ = SRE in atic contimetrs 
=t 

psera) 1930, 161, from which Figs. 39 to 41 are taken rs 


6 
CLR, Jour. ALE.E., 46, 128, February, 1927. 


t= 
a= ters 
B = steady flux density on iron and 
= normal permeability B/H 
#A = incremental permeability AB/AH for a minor hysteresis loop. 


Sr Ed 3 3 8 $s 2 3 


gap in gausses 


ce ee 


The original curves were plotted with a/l as a parameter, L?/V being 


Ss 


ordinate, and NJ/l as the abscissa for both 4 per cent silicon steel and hipet 
Figures 42 and 43 are alignment charts which include the data of i 
curves, LI?/V is the left column, and NI/t and a/l are on the ri 

A straightedge passing through a given LI?/V and tangent to 
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Jhart will cut the right column at the corresponding 
the contre Part tee oe reynane orncedare, ng with NI/h is also 


a one, = ft 
: typical permeability curves for three grades of mag. 
ne carial whielt fs eommercially available." A chart for calculating 
j #000, Tale 
2. No. 
= 6000) 
3 2 
$000! 
4000 | 
& 
+5 ye 8 
B-Kilogavsses 


Fio. 44.—Typical permeability curves of radio grades of Armco iron. 


45 
Fic. 45.—Choke design; Armco Radio 4. 


chokes, usi Radio 4 is Fig. 45, the values of LI?/V and NI/l 
being Teng Armee Rite. 42 and 43° In Fig, 49 either the desired 
Value of L12/¥" is followed over the curve and then down to NZ/l or the 
Teverse procedure can be followed. ‘The gap ratio a/I shown opposite the 
curve has exactly the same significance as before. . 


71. D to Carry D-c. A small choke to carry 80 ma and 
have 14 hoses detoed. The Taft column of Fig. 42 is L1+/¥, and this is 


} These curves were supplied by C. W. Rust, electrical engineer, American Rolling 
Mill Co,, Middletown, Ohio. 
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calculated first. ZL is 14 henrys, J is 0.08 amp.; I? is 64 x 10-4 amp.? 
the volume of the core, which was calculated to be 83.6 ce. 


LI _ 14 X 64 x 10-+ 
Yo "> ee 


83.6 = 10.7 X 10-* = 0.00107 


Lining up this value with aightedge which is tangent to the central 
(Big, 42), the value of NJ/lis found to be 18. The core used has! = 14 
so i = 18 XI/I = 18 X 14/0.08 = 3,150 turns. Thus to get 14 
3,160 turns are wound on the core given. To have this inductance at 80 
an air gap is needed, as shown in Fig. 42, the a/I (gap ratio) being 0.0021. 
t is 14 em, a = 1 X 0.0021 or 14 X 0.0021 = 0.020 em (equivalent 
0,029/2.54 = 0.011 in.). This required air gap is made by inserting 
sheets of the proper thickness between the punchings, and then clam 
them firmly in position. 


Fic. 46.—Typical reactor design curve; Vin cubic centimeters and L 
centimeters, Armco Radio 4. 


‘The inductance of a choke depends to some degree on the frequency. 
use with low frequencies in a filter circuit the inductance remains practi 
constant. Both the hysteresis loss and edi 


dy-current loss are of importance 
choosing a core material for chokes and transformers. hysteresis 


is directly proportional to, the frequency if the maximum flux density rey 
constant, and to the 1.6 power of the maximuin flux density if the trey 
remains constant. 


‘The eddy-current logs can be kept low by using thin sheets of core materi: 
A usual standard thickness is 0.014 in., and this is quite satisfactory for fill 
choke and transformers for 60 cycles. The insulation between laminati¢ 
loes pot mn to be very thick, the usual oxide layer on the sheet bei 
sufficient. 


72, Pilter-condenser Rat Some rectifiers begin supplying 
fied voltage before the tubes in the load heat up sufficiently to 

their rated currents. (This is especially true of the slow indirect-heat 
tubes.) For this reason it is often desirable, especially from a safety f 


tor viewpoint, to use peak voltages in caloalating all condenser ratings. 
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reentage of the total load current, 
waste” or “circulating” current, the 


second and third condenser ratings do not have to be so high mn eg 


it = 400 ohms, the voltage 
ws through the first choke Sey voice! lta neglecting 
tage com- 


3 ipple, 376 X 1.1 = 413.6 
added 10 per cent to allow for the ripple, so that 
d-c rating for the second condenser. 

est feihe des filter condenser will stand, for a kris ae ic 
greater than its d-c rating, but the practice of applying these higher 
are: ncudieseere ‘Phe advent of reliable electrolytic condensers 
has greatly simplified the construction of adequate filter systems at eee 
cost, The untuned low-pass filter! can readily be made by using a very 

y high-eapacity electrolytic units. The one thing to note carefully 
fia d fererhg condensers are suitable only for d.c2 and must be 
connected correctly. Condensers mounted in, metal cans, usually have 

“ ive. Cardboard units always have, ers, 

the can negative, | Cardbcmmd “Wrongly cennocting olectrolytic cone 
densers not only will rain the egnrp eee 2 aly es 7 ee 
transformer and the rectifier tube. Mereury~ ect th eorier 

rv cially susceptible io such wrong connections. 
ra ee onsets miny be considered as comprising two general 
classes: low voltage, high eapacity, from 1.0 to 50 al, for grid filtering; 
ae high voltage Cate i unig soveral 450-volt units in seria 

‘lable by using se’ volt u 
vie ante condensers re constantly” heme improved there 
probably will always be a characteristic current which flows through the 
condenser current. rises with temperature and may be Les 
siderable fraction of a milliampere per microfarad at the temperature o! 
re iv ot tainparstare at which electrolytic condenses 
iable portion of their capacity to store Tey. 

This Tate iaeatiably. below freezing (2F.) and is usually of little 
Consequence for indoor radio-set use. 

‘See Art. 64. ie used in series, 89 that 

two electrolytic condensers are 

tal tance cae bs Smectad oonecly. 


SECTION 15 
HIGH-FREQUENCY TRANSMISSION AND 
RECEPTION 


By Date Pottack, Sc. D. 


PROPERTIES OF H-F WAVES 


., 1+ Classification into Frequency Rang: rposes: 
itis convenient to divide Mn aver inet beer big olla wi 
agation effects are similar. Any such classificati 
Part, be cobras nee changes in the properties of waves with fea 
sharp! ined and are dependent it i 
the classification of Table I will be followed in ireaeals bak nines on 


Taste I—Crassivication or Frequency Ranars 


Range 


Nomenclature Approximate useful 
Kilocycles Meters ate vests wetea’ 


«| Above 545 | Low frequencies 
Broadeast band 


High frequencies 


Se nd wave: 5 
Ulten-high frequencies |O"150 tiles” 


in the dividing frequency between ranges will be i 
The column Approximate Useful Goumunsoation Tadley ete a 
approximate, the exact radius being dependent upon the power, ti 
earth roperties, and other conditions. bert 
availicreontver anjennatmay tare bextperiegeta 

wave, which travels alon, 


made up of components of 
ite transmission by each 
wr the other predominates, 


being dependent upon the frequene: i 

y and the condi ‘s i 
constant of the earth. The ground wave is useful ps ere 
old 
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‘stance communication at low frequencies and for short distances at 
Jow and broadcast frequencies. At high frequencies it ean be employed 
‘only for local communication. 

‘The sky wave may be employed for communication over greater dis- 
tances since it travels through the air, in which the attenuation is rela- 
tively small. It can be refracted and reflected by the ionized layers in 
the upper atmosphere (the ionosphere) and by the earth. Thus the 
wave may return to earth at distances remote from the transmitter. |All 
Frequencies, up to the ultra high, may be reflected or refracted to earth 
by the ionosphere, and their sky waves may, therefore, be useful. 

If the-ground wave is to render good service at a distant receiving 

int, it must be strong comy vith (1) the noise and interference 
level und (2) the sky wave. ‘The limit to the useful service range of the 
ground wave may be fixed by one or both of these factors. ‘The ground 
wave may be increased with respect to the noise and interference level 
either by increasing the transmitter power or by employing a directional 
antenna, but with respect to the sky wave the only ¢ fective aid is 
the use of an antenna system in which high angle radiation is minimized. 
In the region in which the sky wave and the ground wave are nearly 
equal in magnitude (within, perhaps, 2 to 1 of each other) fading, par- 
ticularly selective fading, is excessive. At locations beyond the region 
in which the ground and sky waves are of similir magnitude, the sky 
wave predominates and is most useful for communication. 

Ultra-high frequencies are very rapidl attenuated over the earth’s 
surface, and their sky wave is not normally returned to earth by the iono- 
phere, Consequently, the transmission properties of u-h-f waves must 

pend upon the direct ray from the antenna and upon reflections of 
the direct ray from the earth’s surface, as assisted by diffraction around 
the curved surface of the earth and refraction in the lower atmosphere. 
Their usefulness is limited to short distances although greater than the 
optical line-of-sight limitation which is too frequently assumed. As the 
frequency is increased further, however, diffraction and refraction 
Phenomena become less useful in extending the service radius, Conse- 
quently communication by means of centimeter waves is limited to 
paths that are only a little longer than optical. 

8. Propagation of the Ground Wave. The distance for which the 
ground wave is useful decreases as the frequency is raised. The ground 
Wave of low frequencies is useful up to medium distances, and in the 
broadcast band its usefulness is limited to short distances. Above the 
broadcast band it can be used only for local transmission. 

Sommerfeld? has computed the propagation of waves over # plane carth+ 
ke, for distances short qnough that the earth’s curvature may ibe negigeted. 

e results may be further simplified if the dielectric constant, of the earth 
may be neglected, which is true within an error smaller than 2 to 1, if the 
frequency is less tI 


7x 10% 
pa a 
Where f. = frequency below which dielectric constant may be neglected, in 
Kilocyeles 
@ = soil conductivity in e.m.u. 


€ = dielectric constan' 
‘The Propagation of Waves in Wireless Telegraphy, Ann. Phys 
100; 81, 1135-1153, Dec. 11, 1926. 


ts, 
Somuenret, 


8, 065-736, Mar. 
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Typical values of soil conductivity and dielectric constant are as f 
d = distance in miles 
P = power radiated in Kilowatta 
= 's “reduction factor" 
4-5 Eo + Ogg Commersld'e reduction factor") 
AE 22x (Sommerfeld’s ‘numerical distance”) 
jeer 
= juctivity in emu. ; - 
When largo numbers of such data must be computed, the slide rule of J. ¥ 
Morrison* is convenient, In practical computations of wave propagation, 
Mount must be taken of changes in the soil conductivity within the trans- 
atcclon range. A procedure for accomplishing this is outlined by P. P. 
Eckersley. 


i f recent analyses have extended propagation calculations to 
eye ta 1 ont foe the earth's curvature. Curves giving the results of such 


‘Type of soil 


Dry, sand; a 
Bantern aad far Western Ut 
Average groun U 


puplisa jSyre i poll conductivity throughout the United States have 


Distance, miles 
5000) chy 
4o00f-}}H Power =| kw 
3000 qz4xi0 Mem 
80, 
2000 Ss 
1500 
i000 
be 
” 
£400 
30 
too! 200] 
0 200 400 600 800 1000 100. HOO 1600 1800 7000 150) 
SS ep ae Distance, kilometers 00 
a. 1.—Ground~ i , 
Ad atten, Ueprt of Commie on Radio Wave Propagation, Bro. {290 AO GO DO HP, 00 HO EO to 
Makin the q Fio. 2.—Ground-wave tion over soa water; 1 kw radiated power. 
Making u f the abo i ‘i frou! : . 
acoording to van der Pol’ simplification of Somsorteld'e work een bes i Sater Utnort of Commitee en Jeno Wane Frezigenrn: 


g <tVPA faleulations will be found in the Report of Committee on Radio Wave 
a Propagation.? ‘Two such sets of curves for two typical earth conduc- 


tivities (those of und and sea water, respectively) are shown 
Figs. I and 2. For radiated powers different from 1 kw, the field 


Bes goscation of Radio Waves over ghe Surtoes ofthe Bap an in the Upper Atmor- 


whereg = field intensity in millivolts per meter 


k = antenna constant (= 195 for quarter-wave antenna or 270 
if-wave antenna) 


12 Ree Feb Engineeri Part T LR.E., 24, 1367-1387, October, 1936. 
gineering Practice here. Part T (Ground Wave), Proc. . 
‘Offic iodo. ‘or sale by Keufiel & Esser Co., Hoboken, N. J. < 
ochirequens, 81, 162-1 nage Celeutation Mot the Service Area of Broadcast Stations, Proc. I.R.B., 18, 1160- 
, see K. A. Ne luly. 1930. 


* Proc. 1.R.E., 26, 1193-1294, October, 1938. 
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intensities of these figures should be multiplied by +/P, where P is 
iated power in kilowatts. For other antenna structures the fig 

should be multiplied by the appropriate factor. For a half-wave ante 
for example, this factor is 14. j 
4. Propagation of the Sky Wave. 


Distance, miles 
00 1000 2000 4900 6000 
TT tar 


XY [Power = Tkw. 


Energy which leaves the antenn 
angles greater than zero 
stitutes the sky wave, in ¢ 
trast to the ground wave, 
leaves the antenna at ‘a 
angle to the earth’s sw 
The sky wave travels thro 
the atmosphere until it reac 
the ionized layers 100 to 500 
above the earth, 
donosphere or the Kennel 
Heaviside layer. It may th 
be bent back to the earth i 

diately, it, may travel in 

ionosphere for some dista 
before being returned to ea 
or it may pass through 
ionosphere and never return 
earth. Long-distance rad 
communication is almost al 
accomplished by means of 
portion of the sky wave refract 
toearth. After the wave retur 
to earth, it may be reflected 
the earth's surface into the io 
sphere once more and to 
earth at amore distant pointy: 

The medium through wl 

the ground wave is prop: 
the surface of the earth, cha 
little with time. ‘The sky- 

= propagation, however, 

!| upon the ionosphere chara 
istics, which vary widely 
time. . 

| Sky-wave propagation is 

02 a: ppagation 

veniently subdivided into 
MO cee oO eoadoax, andl 


z ‘The sky wave at low freq 
Fig. 3.—Sky-wave propagation, quasi- jg usually considerably stronger, 
maximum field intonsity for frequencies night than during the day, 
up to 1,600 ke. (Report of Committee on 


4 day field may be estimated ft 
jadio Wave Propagation, Proc. 1.R.. i ‘i 
26, 1193, October, 1938.) the modified Austin-Cohen 


mula? 


100 


8 83 838 


nusoos 885 S85 


Field intensity, microvolts per meter 


PEs 5 8- 


i 
===: 
im 

a os 


VP. | oO neyo, 
= Te Aigy 
& =3 X10“ Vig? £4 
‘Austin, L, W., Preliminary Note on Proposed Changes in the Constants of 
Austin-Cohen Transmission Formula, Proc. 1.R-E., 14, 377-380, June, 1926, 
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where 


The Gr the time) for a propagation p 


Fig 3: 
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= field intensity in microvolts per meter 
BT MMdinted power in alowatts 
Hisestt ae eeoot earth subtended by transinission path in radians 


$= frequency in kilocycles. ig exeseded only & per 
quasi-mnaximum field (tite field Intensity which fe exoueded only Spar 
0 


For long distances a distinction must be made between transmission 


Transmitter 
antenna 
Fie. 4.—Probable paths traversed by sky wave at 


Earth 
If A single ionized layer 


i thenorth: 

, Jo (corresponding to a north-south or sou! 
Hransotisson suchas between faurope and Bouth America, or betwoon North 
and South America) and ined fae nara 5 magucee 

linge i eral to east nn a My 
Porth Uiieed Staten and northern ind central Buropo, ox batreen northern 
Siberia). The media ld (the 
Foe rare at ain i about Ao per gone of tho quasi-maximtin 


z an 1 kw multiply the field intensity by v/P where 
Prive. For powers other that | er mio eke natonna power gain Mt direc: 


ional antenna is employed. 


a ORG TER i 
~--Skip distance -~ 


Fic, 5.—Probable paths traversed by sky wave at h.f. 
layer is shown. 


A single ionized 


is i ion suffers, 
When {the transmission path is in twilight, I-f propagation sul 
The fel ateonuth is likely to be lower than during either night or day, trans; 
mission, for long-distance communication, and its value is not easily p) 
1 Report of Committee on Radio Wave Propagation, Proc. I.R.B., 26, 1103-1234, 


me C.N. Axpensox, and A. Baruzy, Trans-Atlantic Radio Telephone 
Proc. 1.8.E., 14, 7-57, February, 1926, 
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At broadcast frequencies the sky wave does not return to earth during 
day. Sky-wave propagation, therefore, need be considered only during # 
nij Nigure 3 represents propagation of broadcast frequencies at nig 

igh-frequeney sky-wave propagation is a complex phenomenon. Fy 
each of the ionosphere layers there exists a critical frequency, below wh 
radiation from any angle from the antenna is returned to earth. Abo 
this eritical frequoney high-angle radiation passes through the ionized I 
while radiation from lower angles is still returned to earth, This is illustr 
by Figs. 4 and 5. In Fig. 4, for a frequency lower than the critical val 
tho entice sky wave is returned to eariit In Fig & hanes cqiieal 
ig higher than critical, and the high-angle radiation is not returned to 
‘The distance between the transmitter and the point at which the high 
angle radiation returns to earth 
Distance, miles io thtp Gislonco: for that 
7 queney. Conversely, for t 
Hopo 50 smallest skip distance,’ the ¢9 
sponding frequency is called 
maximum usable frequency. 
general the higher ‘the, frequa 
he greater is the skip distance, 
ithin the skip distance 
signal strength is usually too 
to be useful, which explains 
necessity for employing freq 
cies lower than the maximum: 
ble frequency, Tn traversing no 
ionized air, h-f wayes suffer Ii 


0 ; 
‘tenuation, other than that re 
07 FO" 200 00 20 20 S00 00 oan saree oe rae 


Distance, kilometers ‘ont, In passing through ion 
Tio. 6.—Average maximum usable _ air, however, the attenuation 
froauencles during summer at latitude greater. An operating freque 
39°N. | ‘Time refers to place where wave should be chosen for which aa lif 
is roflected. | The upper edgo at cach “of the path as possible is int 
rango is for the sunspot maximum, 1938- jonosphere. ‘This will be the e 
1939, the lower edge for the sunspot mini- ney slightly lower th 
mum, 1933-1934, | (Bureau of Standards the maximum usable frequency. 
Tonosphere eperte, Monthly in Proc. employed. 
oR. illiland, and Kirby, Natt. e 
Jour, Research, 4, 836, The maximum usable 

December, 1988; Gilliland, Kirby, Smith, quency is dependent upon thi 
and Reymer, Proc. LR. 6, 1347, No- time of day (or longitud 
vember, 1938.) + month, year, and latitude, a 

: ; well a8 upon the distance’ b 
tween transmitter and receiver. The curves of F igs. 6 and 7 give 
values over which the maximum usable frequency has ranged during 
period between 1933 and 1939 for summer and for winter transmissio 
respectively. ‘The time (noon and midnight are shown separately i 
the figures) and latitude (39° north) refer to the place at. which 
ionosphere reflection takes place, usually halfway between transm 
and receiver for transmission paths less than 3,500 km long. 
curves represent average conditions only; during the relatively infrequ 
periods of ionosphere disturbances, the maximum usable frequenci 


le the measurements were made 


SHS 


LL. 


ae 
Pl 


may be considerably changed. Whil 


latitude 39° north, the results may probably be used wi 
error between 30° and 50° north. 


‘The curves are shown for distances up to 3,500 km. Vor greater dis- 


tances the maximum usable frequency is substantially the same as for 


500 km, 


ith insignificant 
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i ues within the ranges illustrated in Figs, 6 and 7 were 
pe ie nee the period of high sunspot activity, 1938-1939, while 
The lower limits are for the ina 
tive portion of the sunspot cycle, 
1933-1934. ‘The eyele is expect 
to repeat itself, with the next mini- 
mum about 1944. = 
Curves giving the maximum 
usable frequeney in greater detail 
will be found in the Report of 
Committee on Radio Wave Prop- 
agation.? Monthly reports are 
uiblished in the Proc. J.R.E. 
‘since September, 1937) and in the 
Bul URS. 4 
From a knowledge of the iono- 
sphere characteristics over the 
eurth, it is now possible to com- 
pute the propagation of h-f 
waves.’ During the past few 
srs, sufficient ionosphere data 
ave been accumulated to permit 
such: calculations to be made. 
Propagation maps, for frequencies 
of 8.6 and. 18. mati ealeaed Distance, kilometers 3 
entirely from ionosphere data a) pias Niekle 
given in th Report of Commit~ Fro. 7.—Average maximum 


i ies during winter, at latitude 
tee on Radio Wave Propagation. SysN°""HSine refers to place at which 


The refraction of ultra-high aye is reflected. ‘The upper edge of 
frequencies by the ionosphere is each range is for the sunspot maximum, 
erratic, In the winters of 1936 109821080." ‘tho lower edgo is for the 
through 1939, however—the peak sunspot minimum, 1033-1034, Bue 
in the rt eycle was in 1938- "at of Slandarde Ionosphere Reports, 
in the sunspot cycle was i fonthly in Proc, 1.R.E.; Smith, Gilli- 
1939—maximum. usable frequen- fangs and Kirby, Nall. Bur. Standards, 
ties Tor longedistance daytime nds and Kirby, Natl fs. Sencar, 
transmission exceeded 40 Me, as 1938; Gilliland, ‘Kirby, Smith, and Rey-, 
isindicated in Fig. 7. Except for mor, Proc. 1.2t-E., 26, 1347, November, 
Such instances of extreme Fe 1938.) 

Mum usable frequencies, ultra- : 
high’ frequencies are rarely employed for dependable ionosphere 
Fansmission, 


Distance, miles 
50 1000 1500 


8a 


Ss 


Maximum usable frequency, megacycles 
3.8 


on 


© 500 1000 1500 2000 2500 3000 3500 


Sur N.T. R. Grattan, and §. 8. Kinny, ‘Trends of Characteristics of the Tono- 


here for Bunspot Cycle, Nail. Bur. Standards, Jour. 

i AMLAND, TR, 8.8, Kray, N. SMe 

Pyable tension for Hai Sky-wave ‘ransinission, 1989-1087, Proc, 0B. 
7 


4 1938. i 
Riso Sarit, Ghutitaxp, and Kinny, foe. ot; Gutastanp, Kinny, Sarr, and 

An cha attempt ‘at such computation was by 8. Namba and T. Tsukad: yA Method 

4 Calculation of Field St . 1. 

in 


in High Frequency Radio ‘Transmission, 
}, 1003-1028, July d9ea, Htore resent. ang moss satisfactory methods are presented 
in the followi papers: plication ‘of Verti af-incidence Tonosphere Meas 
remen ‘ransmission, |. Bur. x i 
Research. 20, os 105, ‘itutaNGTox, G.,_The Relation between Tonosphere 
}issmidsion Phenomena ag Oblique Incidence and «Chose at Vertical Incidence, Proc. 
MY Boe, (London), 60, 801-825, September, 1938. 
*. cit, 
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* 6; Propagation of Ultra-high Frequencies. Ultra-high-freq 
waves, as intercepted at the receiver antenna, are made up of two. 
ponents, one received directly from the transmitter antenna, the 
reflected by the earth. 


When the distance between transmitter and receiver is small en: 
that the earth's curvature miay be neglected, the re: 
be computed from. 


10°Sofhihr 
Fe 


BY per meter 


jer in microvolts 
ion of maximum field strength.  (IF¢ 
50 = 220%/P) 
ler power in kilowatts: 
d = distance between transmitter and receiver in kilomet 
J = frequency in megacycles. 
This equation assumes the earth to be a perfect plane reflector and 
antennas are at least several wave lengths above the carth. 

More recently the theory of u-h-f propaga mn has been improved to 
account of diffraction of waves around the curved surface of an cat 
finite conductivity.! The results, from’ Eckersley’s report, are plot 
Figs. 8 and 9 for frequencies of 50 and 150 Me. "For other frequencies 
original paper or the Committee Report on Radio Wave Prop: 
should be referred to. The curves are plotted for several values of H, wi 
represents either the receiver or transmitter antenna height, assuming, 
the other antenna height to be zero. If both antennas are above the suf 
of the earth, the correction may be obtained from the curves in the fol 
manner: Assume first (the roles of transmitter and receiver antenna may. 
interchanged if desired) that H = transmitter antenna height and that 
receiver antenna height is zero. Read the appropriate field strength fi 
the curves. | To this a correction for the actual receiver antenna height is 

added. | This correction is the vertical distance, in decibels, as read 
the right-hand ordinate, between the H =0 curve and the curve 

= receiver antenna height at the appropriate distance. To illus 
find the field strength for he = 500 meters, hy, 
d = 100 km, and P = 1 kw (if th 
field for H = 500 atd = 100 km is 12 
H =0 and 
38 nv per meter. This method 
correction applies accurately to transmission distances beyond. the line 


sight. For low antenna heights the method of correction of Ecket 
paper should be referred to. 


Line-of-sight distances are plotted in Fig. 19 and are also indicated 
ies San ‘ote in Figs. 8 and 9 that the field strength at the lin 
sight distance is nearly independent of the antenna height. For a L 
antenna power at frequencies between 50 and 150 Me, the field is bet’ 
20 and 40 zy per meter for antenna heights between 100 and 2,000 met 
While attenuation is more rapid beyond the line-of-sight dist 
nevertheless reliable u-h-f communication is perfectly possible to 
tances far beyond the optical horizon, as is evident from Figs. 8 and 


‘Boxenetzr, T. L., Ultra-short Wave Refraction and Diffraction, Jour. [Esk 
280-804, March, 1037; Vas oxn Por, B., and H. Buesen. The Diffraction of 
fuagnetio Waves from’ an Electrical Poiat Source round a Finitely Conducting 
PA Moo, 34, 141-176, 826-864, July and November, 1937. 

2. Cite 
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10-" o,m.u.) st 50 ts 
of % 
fiom, Proce T'H- 28y 1198, October, 1938,) 


Fin) at 150 Me. 
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Distance, kilometers rane 

-{requeney propagation over average land (¢ = 5.0. = 
currel ls that produced by 1 kw 

i Uiteport of Commiltes on Radio Wave Propagd~ 


Fi. 8.—Ultra-h 
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ule 40 $ 
wo 8 
See Be 
5 02 
~10 B 
20.5 

— -30 
40. 
50° 

ib 60 


80 120 160 200 240 

Distance, kilometers aah Beg pe iene 
Pio, 9 Ultrehigh frequency, Prope im Radio Wase Propagation, Proc 
RB. 26, 1193, October, "a88) : 


524 


THE RADIO ENGINEERING HANDBOOK sec. 18] HIGH-FREQUENCY TRANSMISSION AND RECEPTION 525 
ec. 

The rate of attenuation beyond the horizon, however, increases 

frequency, and for very short centimeter waves transmission is 

possible very far beyond the line of sight. Within the horizon 

attenuation may be Hie roughly, by an inverse square relations| 

Bq. (4), but beyond the horizon the attenuation is better erat 


Transmitter antenna fetch, feet 
I 2000 3000 = 4000 


i by Figs. 
i higher than the theory represented 
felis *5° ndicates, and are 6 alent to.an intense of perhaps 19 to 
in the earth's radius, with a correspo 
8 er oe ocnmasion, distance... Furthermore, the received field 
line-of-sight transmission dis SA Pepi wegee te ir 
i summer than in winter and higher 3 than 
is proba pigs cane evidence on these points is conflicting, and insuffi 


iont data prevent the drawing of 
Ease on ay \more spetifie conclusions. fe Fe 
2 ‘The propagation formulas assume x 
ign sDOnees? TT ho that the-terrain is fiat. In practice | Sp 
le ooh 2 such conditions rarely occur. ‘This S| = Hae 
‘i Be or 20 Wespecially true in eities among tall 2| SH = 
= = f a 
$60 0a 100 = summer “{ Winter 
2 3 Ton deny” —lon density 
3 120) wed “TYPICAL. DAY CONDITIONS 
$ I 603 4 
: 2 oe § PF F 
‘os 
5” ‘al 205 3 2 z 3 
0 0 2 2 2 
0 200 400 600 00 1000 1200 1400 = = = ‘ 
. Transmitter antenna height, meters =! Common Occasional 
Fra. ab hese of line-of-sight path for various antenna heights. adauts cana 
4n exponential equation of the form TYPICAL NENT COIS a 
8 = kenat : —Hoights Fi. 13.—Probable variation, 
Fig. 12.—Height: : Gonsity with 
in which k and @ are constants independent of the distance, If & over which ionosphere Sioa nente Sens ea 
measured in microvolts per meter and d in kilometers, the value of a layers range. 


be obtained from Hie 1h 
ake 


Figures 8 and 9 take account of diffraction around the curved surfi 
of the earth, but they do not include the effect of refraction eaused by 
variation in the density of the air near the earth’s surface, Refracti 


buiings, whore fild strengths considerably lower than the values 
icted e observed! 3 : 
ae re oy the Charagterisdes.® "All long-distance radio communica- 


i i v! ii ized layers above 
a os ee rete cece ae es are 
Y e earth, osphere researc c e ' 
07 and knowledge of ionosphere characteristics has increased accordingly 
ie Tranamianion ly, 1985; Huu, R. A., 

, Bel System Pech, Jour. 4, 369-387, uly, 1985: Ht, 
o04 FRicouneg epee foe Cth tae Patan oe 
oe La eet oR ee tne a Deceuiben, 1985; Stability of Two-meter Waves, 
30 40 50 60708090100 150 200 300 Proc. LE. Fiero88, May, 1038. 


Frequency, megacycles 3 ihesins 4) R.,L. E, Huxt, and A. Decrxo, Ultra-short-waves in Urban Territory, 


Bee E-iSi, January, 1035. : ii 
Fic. 11.—Factor a in Eq. (6). nels ‘antral yntroduetion 06 the nubject seo P. O. Pederson, "Tho Pro 
has two effects. It increases the received field, and it causes it to ton 


es," published by G. B.C. Gud, Copentiagen | 
The Yonosphere, Elec. 

or fade as the temperature gradient varies, 

in terms of an inerease ‘n the effecti: 


ive radius of the earth.! “The obser 
‘Ssrrm-Rosy, R. L., a 


nd J. 8. MoPemim, Ultrashort Waves: Refraction in 
Lower Atmosphiere, Wireless Eng-, 11, 3-11, January, 1084) Beever ee 
Crawronp, and W. W. M 


+ Ry Ae 
MomrouD, Further Results of a Study of Ultec-short-wa 


‘The effects may be ex; 


tion, ‘International Scientific Radio Union, Proc. I. 
and in'T. R. Gilliland, 8. y, N. Smith, and 8. 
Povompre et Tne A vlleution to Radio ‘Pransinission, Proc. 1.22.1. 
aly, 1937, 
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‘The ionizetion is apparently caused by ultraviolet radiation from 
sun, and it varies with the Il-year sunspot cyele, the time of day, { 
time of year, and the longitude. At the earth’s surface the ion den 
is very small, increasing to maximum values at altitudes between 100 
500 km. While the ions are distributed continuously in the atmosph 
the concentrations vary and several maximums are reached at vi 
altitudes. The regions near these maximums are called layers. 
each such layer there is a critical frequency above whieh an electrom 
netic wave, directed vertically, will not be returned to earth. Tonosph 
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E 409} _e 
re ‘June 
$ 
3 ber, 
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5 100) 
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Fie. 14. . Fic. 15. 

Fie. 14.—Average diurnal variation in virtual heights of ionosphere 
during sunspot minimum. (Bureau of Standards Ionosphere Reports, Mo 
in Proc. I.R-E.; Smith, Gilliland, and Kirby, Natl. Bur. Standards, Jour. 

8; Gilliland,’ Kirby, Smith, and Reymer, P 


Fie. 
levers durin, 1. 
Monthly in . 1.R.B.; Smith, Gilliland, and Kirby, Natl. Bur. Sta 
Jour. Research, 21, 835, December, 1938; Gilliland, Kirby, Smith, and Ret 
Proc, 1.R.E., 26, 1347, November, 1938.) 


characteristics are frequently studied from measurements of criti 


iequencee: 
The three ionosphere regions of greatest importance, so far as 
communication is concer! ad, are denoted the £, /;, and F; layers. Th 
range of altitudes over which these layers may vary is shown in Fig. I 
At night the F, and F layers merge, forming the F region. It is 
possible that a C layer, lower than the #, and a @ layer, higher t) 
the two F layers, exist.* 

‘The ion density in the upper atmosphere probably varies in some sud 
manner as shown in Fig. 13. Only the virtual heights of the maxim 
points and the apparent densities at these heights are known. F 
intermediate altitudes it is usually assumed that the ion density go 
through minimum points as shown. 

1 Grutsaxp, T. R.. Multifrequency Ionosphere Recording and Its Significance, P 
-R.B., 18, 1076-1101, September, 1935. 

‘Kiusy, S. S., and E. B. Jopsox, Recent Studies of the Ionosphere, Proc. I-R-E.. 


738-751, July, 1935; Cownu, R. C., and A. W. Fatenn, The Lower Lonosphere, 
Rer., 50, 632-635, Oct. 1, 1936. 
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‘The E layer is usually constant in height at 100 to 120 km, except 
” whose 


Me 


fF =Pt+08 (6) 


where the frequencies are in Me.? Detailed consideration of critica, 
frequencies Pet their significance in radio communication is described 
in the literature.* 

Normal i 
predicted 
tion to these variations there 


osphere properti ie., those whose variations may now be 
ith reason! le precision, have been emphasized above. In addi- 
0 those resulting from less easily predictable 
disturbances, viz., ionosphere storms, sudden ionosphere disturb- 
in fi outs and lengthy periods of absorption below the 
‘iderable study is being thio o per iecietoon but 
Various investigators di as to the predictability of such effects. 
The U.S. Bureau of Standards and the International Scientific Radio 
inion ( .1.) have broadeast and published comprehensive ionosphere 
ta for several years. For details of maximum usable frequencies, virtual 


Y., and G. Burepen, Tonosphere as a Doubly refracting Medium, 
45, 203-220, Mar. 1, 1033. 


4S, E. Revaren, Charactoristics of the 


AND, . N. Sut T.R.E., 25, 823-840, 


. Kruny, Ne 
and Their Application’ to Radio'Transinission, Proc. 


823-840, July, 1937, P 
The Retation between Radio- 

16, 831-847, July, 1938; 
Proc. 1.R.B., 28, 1253-1200, 


W., A.M. Buaates, and J. 
hand Magnetic Storm Effects, Proc. 


ith 
‘Gea, J. H., Sudden Disturbances of the fonosphere, 
lober, 1987. 
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a Fe " 1 Panes. 
RE Tepe ol he ee to tho width of the frequency band transmitted. ‘This is particularly 
7. Fading. Fading, according to the standards of the TLR. ey ben the one ee Ve ore Re eis See 
th tion in intensity of radio signals resulting from. changes magnitude, {1 APPTO! ito Vs. between 
the wavition in intensity of radio signals resulting from, changes in AMM) Wath Iengths is known, the delay time and the frequency chiferenee 

In the first the radio wave reaches the receiver antenna oy 


In multipath transmission small changes in the length of one of 
transmission paths may have a considerable effect on the strength of 
received signal. Such fading, therefore, is usually more rapid 
the range of the fading greater than that in single-path transmis 
In addition, as will be indicated below, the frequency and phase ch: 


font on ihe Meso may be imperfect and the wave is disto1 an 7 In Spr 3m mr Gr Radians 
‘When tho propagation is dependent upon frequency. the fading! = 245 (erepertina ftequerey 
called selective. ‘The effocte of selecitve fadsag on reception will be sig eT ial ene 


by means of the following simplified analysis: Variation dp amolicude sasinge feeeracogy fs fe aod eee 
The voltage at the receiver antenna is assumed to be made up of 


components, received over different path: 
2 = Visin ot + V2 sin (wt — yy) 


where » = received voltage 
Vi = amplitude of one component 
tude of second component, 
@ = angular velocity of signal = 2nf 
¥ = phase angle by which second component is delayed with 
to first. 
‘This equation may be manipulated to give 


v= ven! eed sin (« - want yt) 


y, t cosy 
Hi gee difference in lengths between the two paths is As, then the phase 
is 


ott easy lst 
eae 
SIS 


sites ost 


Phase shift, radians 


Vv oF 
7, 608 w +( 


yam mt Mew Ue Spm 3m Ye 4nRadians 
205 (Proportional freuency) 


Wi. 17.—Variation in phase against frequaney in solective fading. Viand Va 


are as in Fig, 16, 
betwoen successive minimums of Fig. 16 may be calculated from the 


‘owing relations: 


where the velocity of roparaa oa has been assumed to be 3 X 10* meters 


second. Equations (8) and (9) show that the amplitude, represented by \* 
square root factor in t (8), and the phase angle, represented by the a = oxi (10) 
tangent term, of the receiv al, both depend upon the frequeney of at as 


signal and the ratio of the magnitudes of the two received components. Where af = froqueney difference between sivccessive ininimums of Fig 


If an a-m signal is transmitted, the phase and amplitude relationshi 16 in cycles per second . 
between carrier and side bands may be seriously disturbed if the dist At = time by which one ray is delayed compared to the other in 
between successive minimum points in Fig. 16 is comparable in magnitul seconds 


1 The Bureau of Standards has published Washington, D. non here data mont ae = difference in path lengths in meters. 


in the Proc. J.R.E. since September, 1937, The monthly Bull, U.R.S.J, contains pidity of fading in multipath transmission depends upon the 
summary of data taken throughout the world. Tate at whick. the path lengths changes A change in the difference 
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ted in connection with u-h-f propagation, the field intensity 
As noted in the dilfmction of waves around the curved surface of the 
Snereased by refraction in the lower atmosphere. Changes in 
the temperature gradient, therefore, are equivalent to a change in the 
propaxation medium, and result in, changes in the signal level.’ ; 
paca Mprowmate range of fading-—maximum to, minimum—which 
may be expected for frequencies of about 50 Me during 1 day is shown 
in Fig. 18. The abscissas are given in terms of the ratio of the transmis- 
sion distance to the line-of-sight distance. Since data on u-h-f fading are 
inadequate and, in any event, are too complex to represent in a single 
iarve, thé probable error in Fig. 18 is about +10 db. If the highest and 
lowest 5 per cent of the field rengths observed in 1 day are excepted, 
the range of variation is about half (measured in decibels; that shown in 
18. The data have been assembled from several sources. 
Noise. Among the factors limit~ 
ing the usefulness of a received signal 
js noise, which may originate in any of 
the following places 


between path lengths of a half wave length may bring about a e 
from a minimum to a maximum in a fade. 

‘The selectivity or non-selectivity of fading depends upon the nu 
value of Af and the width of the band transmitted. When one of 
transmission paths is by way of the ionosphere and another is the 
wave, the difference in path lengths is of the order of hundreds of 
meters, making Af of the order of kilocycles. This is a type of scl 
fading common in the broadcast band at night, and it limits the pri 
service range of high-power broadcast stations to something bets 
100 and 200 km, at which distances the sky wave and ground wave 
similar amplitudes. ‘The presence of small amounts of undesired 
causes a particularly pernicious type of audible distortion when sel 
fading occurs.' ith modern broadcast transmitters, however, 
amount of residual f.m. is small. ‘The periodicity of broadeast 
fading is usually large, of the order of minues. Such slow chany 
be accommodated by conventional a-y-c circuits, provided that 
minimum of the fade does not drop below the noise level and that 
distortion resulting from selective fading is not excessive. 

‘At high frequencies fading is in general more severe. Reception 
a multiplicity of paths is common. ‘The ground wave is rarely a f 
in transmission, and differences between path lengths are often 

iving values of Af as low as a few hundred eycles.* Short-wave fi 


s 


in the receiver circuits. 
n the transmitter circuits. 

3. Interfering signals. 

4 Atmospheries (static) and man- 


$8 8 


has many periods. As mentioned in connection with h-f proj made noise. 

seasonal, yearly, and diurnal variations take place, but in addition eg ‘be 220 
shorter periods exist, some with periods less than }{q sec., which are The principal concern here wi 

readily accommodated with conventional a-v-c arrangements. with itein 4. 


Ss 


Noise Wave Forms. Noise, in the 
broadest sense, is any type of interfer- 


High-frequeney fading is minimized through diversity 
If two receiving antennas are spaced several wave lengths apart, it, 


Range of variation,max.tomin., db. 


been observed that the signals picked t fade it ence, It may include continuous sig- 0 — 

ban oped Unt he sel ike op pt fade SchCOMM a om ‘undonedcnumiem, foe OOO LS 
10 wave feccie ‘apart, are employed, sufficient output is almost al eh the noise is contained within pt 
available from at least one of the antennas to provide a useful si & known, relatively narrow, bani 9 


frequencies, and also discontinuous Fic. 18.—Ultra-high-frequency 
noises, for which the frequency band fading. Probable error in curve 
Sceupicd is essentially inkinite. Con- is £10 db. 

Gnuous urbanees are more easily f a 

studied by conventional methods; the term noise, therefore, is commonly 
Testricted to discontinuous disturbances. 

Discontinuous noises may be considered to be made up of sharp 
Pulees, the frequency with which the pulses occur determininy the 
Character of the noise, If the pulses are relatively infrequent and clearly 
Separated, the noise is said to be impulsive. If, on the other hand, the 
File follow each other so rapidly that they overlap and are not clearly 

inguishable, then the noise is random, Between these two types 
Any gradations may oceur. Ignition noise is impulsive. Tube and 
tinal agitatjon noises are random. : fees Re 

Since the frequency spectrums of discontinuous noises are infinite in 
extent, their magnitudes will depend upon the band width of the device 
With which they ‘are measured. Jansky? and others have shown that 


gu, Notes on the Random Fading of 50-megacyele 
-R.E., 27, 501-506, August, 1939. 

A fagcstnation of the Characteristics of Certain 
169, December, 1939. 


Distortion resulting from selective fading is usually worse on the 
signals. Diversity radio-telephone systems, therefore, are com) 
arranged to provide nearly all the low-frequency output voltage from. 
strongest signal automatically. The use of single-side-band signals 
assists in avoiding distortion of this kind. 

‘The effects of multipath transmission may be further avoided by. 
use of receiving antennas, directional in both the horizontal and v 
planes and aimed to pick up the strongest component of the si 
Antennas whose directivity is under the control of the operator have 
developed for this purpose.* 
» Del. 5 erg 


and R. K. Porren, Some Studies in Radio Bi 
7-182, February, 1026; also Eckenstry, T. 
ion, Exp, Wireless and Wireless Eng., 7, 4 


1930, 
. R. K. Transmission Characteristics of a Short-wave Telephone 
Proc, 1.8. 18, 581, 648, Apel, 1990. 5 
?Bevenace, H. H., and H. 0. Pererson, Diversity, Receiving Systems of 
Communications, Iné., for Radio Telegraphy, Proc. I-R-E., 19, §31-361, 

H. 0., H. i. Bevenace, and J. 


8, C. B. Fe é . 
irection of Arrival of Short Radio Waves, Pr: -, 2%, 47-78, January, 1934, 
* Pans, H, T., and C. B. Feupaan, A’Multiple Unit Steerable Antenna for 
wave Reception, Proc. 1.R.£., 26, 841-917, July, 1937. 
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the peak, hve , and effective voltages of discontinuous noises dey Almospheries, or static, originates in lightning discharges. Theimpulses 
idtl 


upon band width in the manner shown in the table: tient and overlap, so that the noise is more or less random, with 
‘ Pe cris cxoborings the everaze lovels> Atmompheria craig ocginntee 
Tapulaye | ean poth in local storms, relatively infrequent in northern latitudes, and in 


i i cr ie is ed in the same 
distant tropical storm centers. Static is propagated in th 
p Sienner as other radio waves; variations in distant atmospherics may 


Peak Proportional to band width Proporti n be predicted on this basis. s ; ; 
Average Independent of band h__| Proportional to Wband wi othe flak strength from local storms varies approximately inversely 
Effective Proportional to Wand width | Proportional to V/band w as the frequency.! ‘Thunderstorms and statie are, of course, ors 
intense in summer than in winter. The curves of Big. J 19 yore mnsaatarad 
For thermal agitation noise, Jansky found the peak to effective volt near apd on City, but probably are represent ‘ 
ratio to be 4 and the average to effective voltage to be 0.85. United Sta : 
Atmospheric noise resembles random noise in that the indivi 80 MW 
pulses overlap. While the measured voltages increase, there! 10 ‘Approximate y- 
directly as the square root of the band width, the ratios of peak to ef 60) distribution in local 


tive voltage are not constant as in the case of thermal noise. 

The maximum tolerable noise level has not been measured unt 
wide enough variety of circumstances, to the present time, to be : 
to specify its value for all conditions. ‘The tolerable noise level dey 
upon a great many factors, including the following: 


1, Type of service (sound, tolevision, ete.). 
2, auality of service (excellent to poor), 
3. Volume range of program material. 

4, Width of frequency band, 

5, Character of noise. 


6. Type of modulation (amplitude or frequency; preemphasized or 
ete. 


7. Method of measurement. 
The effect of most of these factors has been only incompletely stud 
partieulurly in so far as correlating noise levels with the physiological i 
tation they produce to the ear (or to the eye in television and farsimil 


Noise Measurements. The trend in noise measurements appears to. 
toward the use of a semipeak vacuum-tube voltmeter. The indica 


Ss .dunderstorms 


‘Midnight fie 


50) 


Ib 


8 


8s 


Sos 


peak noise level 


ASE we 
“oo AGO FAST t 4 seme 4 6 8100000 
Frequency, kilocycles 


t ; Fis. 19.—Peak energy distribution in static, Relative values aro given. 
instrument should have a natural period of 0.5 to 0.7 sec, and a dam Bios ca rei ian aPobe “TRB. 20, 1512, 
factor between 10 and 100 (American Standards Association tost, mothe Bente valu eee acetone cer ea eae 

but the actual time constants of the noise meter should be determined 1 Bee 08S) oe - 

by the electrical cireuit than by the indicating instrument. ‘The char Since most static is of tropical origin, the lowest disturbance levels 
time of the circuit should he approximately 10 millisee. and the disel Ate found at distances remote from the equator, especially for low fre- 
time appro: f 


ately 600 millisee.!| The addition of a frequency weigh 
network to simulate the ear’s response is sometimes recommended, 

Using an instrument of this type, the signal-to-noise ratio required at 
output of a sound receiver for various qualities of service are, approximal 
as follows: ‘. 


Guencies, “However, at ultra-high frequencies ‘and at broadcast. fre- 


uencies during the day, for which only short-distance communication is 
juusible, most static is of local origin, Since local storms are infrequent, 
M northern Intitudes—about 30 per year near New York City—static 


Pattock signal Pes. fituses little interference with communication above 80 Me. At 150 Me 
Excellent. quailty 1 40-50 db. beak voltage from thunderstorms has been found to vary approxi- 
For intelligibility ; : 1 10-30 db Aitely inversely as the distance, being 7510 db above 1 uv ‘per meter 
Tor television a peak tznal to penk random noise ratio of 40 db gives a pe Storm wcasured with a 1.5 Me band width at a distance 1 mile from a 
picture, while a ratio of 3 is intolerable. For single frequency. Z 3 
which is a small multiple of the line frequency, the interference is bi fe Tn the absence of either atmospheric or man-made static, Jansky has 
perceptible for a signal/disturbanco ratio of 50 db, while for a ratio of 35 Ound that noise is still picked up by the receiver antenna, noise which he 
it is intolerable. “ies to stellar radiation, ‘This noise, at frequencies between 9 and 
| Aarne, C. Vi. D. 1. Fosren, S$, Youwo, Instruments and Meth oe TE RK, An Estimate of the Frequency Distribution of Atmospheric Noise, 
MSTanTig, RAE. Jy and Gr Beseae hh ety a 1880, Interfering Si Sriisvrin J. Perand W: Mf Goomtin: Peak Field Strength of Atmnospheries Due to 
on Television Transmission, P.t . Jour., 3%, 193-199, October, 1939, Thunderstorms at 150 Megaeyeles, Proc. I.R-E., 27, 202-207. March, 1939 
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21 Me, was found to be some 10 to 30 db above the | 
agitation noise in the receive 
limiting noise at high frequen 

Man-made noise may 
ignition systems, by pov 


rand, except for man-mad 

cies 2 large portion of the time 

be generated by internal combustion-e 
by diathermy mael 


tails of frequency al 


ver-line discharges 
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» H--Suantany or PRequency Autocations 1x Unrrep Stares 
: location in United States, see General Rules 


is, FCC, Part 2, U. 8. Government Printing Office, 
mer and Order no. 67, FCC. 


by motor-brush Sparking, and by other elec 


7 d by. trical device 
noise usually reaches the receiver input in th 


following ways: 


] 


ichannels, kilocycles 


Allocation 


Frequency 


Allocation. 


1. Radiation or capacitance pickup by reeeiver antenna direct 
from power lines which convey noise volta 


soureo (relatively rare) or 


transmission over power lines direct to receiver. 


Means for reducing such pickup are described in the literature.* 


Typical noise voltages within the broadcast band measured at the ter 
of noise-generating devices follow: 


Tyrica Noisn Vouraces 


Line-to-line | Line-to-ground 


Vacuum cleaner, 
Wleotrte razor. 2225) 
Diathermy machine. 
Portable electric tool 


‘The band width of the 
These voltages may he 


measuring device was presumably between 3 and 
ddition of simple noise-suppress 


reduced by the 


, During the past few years interference of radiation fror 
diathermy machines with radio cou 
Janskys has me 
from 24 to 40 db bel 
frequencies the most obj 

Th some cases diathe 
per meter are encountered in cities. 
90 por cent of the veh 
found to be less than betwi 
jeney band width 


ference rangin, 


ionable types of noise are igni 
rmy signal st 
: ‘The peak ignition noise 
cles passing 100 ft. from an 
een 9 and 20 wv per 

The higher value is for 40 Me, the lower for 450 
‘ive ignition noise a little greater 

jues varying between 1 and 40 are obset 


and diathermy. 


2.50468 4075 


n In New York City, v 
at typical antenna locations. 


‘Janay, KG. 
Re. 


dd 
trol,’ Proc. ".R.E. 
R 


193-301, April, 1940, 
|. D. Reid, A New Antenna Syste 
A survey of noise-reducing systen 
1038, Radio, Ltd., Santa Ba: 


Station Coverage, Communications, 18, 2 
tion for Limits of Radio Interference, 


91, Mareh, 1939. 
Reduction Handbook, 


RL. and C. W, Mercany, 
|, 1038; British Standard Specifi 
Standards Tnst., Spec, No. 800, 1937. 

8 JansKy, loc. cit. 


Fixed, government 
Coastal telegraph, 
government i 
Maritime calling, ship) 
telegraph, fixed and) 


coastal ' tolegraph, 
(190 ke to state| 
police and governs) 
ment) 
Government, fixed, 
airport, aircraft (375) 
ke to direction find 
ing) 
Coastal telegraph, 
government, ship| 
airoraft 


telegraph 
intership phone (600) 
ke to maritime call 
ing and government) 
Broadcasting (1,592 to) 
Alaska services) 
Geophysical, relay, 
police, government) 
experimental, marine 
fire, avintion, motion 
pioture 
Amateur 5 
Experimental visual) 
clay brondeast | 
Kovernment, 
fixed, 


1 harhor, gov- 
egnment, aviation, 
xed, miseellaneos 
Amateur é 
Government, aviation 
fixed 
International _broad- 
cast, rovernment 


Coastal telegraph and) 
government, 


phone, 
fixed, miscellaneous 
Amateur 

Government, 
aviation, 


fixed, 
ship tele- 
graph, coastal tele- 
graph, miscellaneous) 


International broad- 
cast 
Government, fixed! 


aviation 


11,010-11,685 


11,710-11,890 
11,910-13,990 


14005-14895 
14/410-15,085 
15, 110-15 330 


17,740 


15,351 


17, 060-17, 840 
17, 860-21 ,440 
21, 400-21, 650 
21 , 650-23, 175 


23, 200-25,000 
25,025-26,975, 
27 000-27 975, 


28, 000-8000. 
80 ,000-42,000, 


42,000-50 000 
50 ,000-56,000 

‘56, 000-60,.000. 

60 ,000-113,000 
112.000-116,000 
116, 110-139,.960 
140, 100-143, 880 
144, 000-400 ; 000 


400,.000-401 000 


401,000 and above 


time calling, 
ment, 


International 


Aviation, 


ernment, shi 


Amateur 
Fixed 

International 
east, Rover 
Fixed, 
avinti 
constal 


International 


ion 
rational 


Coastal 
government, 
telegraph, 
laneous 


Brondeast, 
mont 
Government, 
communicati 
Amateur 
Police, 


alan 
misee 
Broadeast an 
in 

Tol 
Armatenr 
Government, 
sion 
Amateur 
Broadeast, 


Aviation 

Government, 

| sion, fixed 
mater 


coastal 


graph, constal 
graph, miscellaneous 


rovern 
relay broadenst,coast= 
‘ship. harbor, 


Pxperimental 


| Ship telegraph, mari- 


overn= 
tele 
avin- 


broad- 


cast, government 
fixed, gov- 


telo- 


in, 
tole 


broad- 
ment 


government, 

a, ship 

telegraph, 
miscellaneous 


and 


broad- 


government, 


broad- 


gast, government 
‘alourarh, 
ship 


miscel- 


Aviation, government, 
miscellaneous 


govern- 


general 


ion 


id educa- 


" 
ision, fixed 


tolovi- 


govern- 


ment, aviation, po- 
lige, miscellaneous 


televi- 


*Groraz, R. W., Fie 


ld Strength of Motor Car Ignition by a 1d 450 Me 
coer Oe: FW Field Strength of Motor ignition between 40 ani 


409-412, September, 1940, 
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HIGH-FREQUENCY USAGE 
9. Frequency Allocation. 1’ 
at which frequency allocation: 
Washington 
allocation bet) 


In the United States licensing, regulation, and allocation are hand 
by the PGC, which succeeded the Federal Hadio Comics under 
munications Act of 1934, as amended in 1937. 
,_ The general plan of frequency allocation in the United States is cho 
in Table IT. | The European system differs in several respects, one be 
hannel for broadcasting. In’ all 
; ted States, care is taken not to 
operation at times and frequen 


¢ cies for which propagation is such 
interference with foreign stations would be sang 


the use of the 200- to 400-ke ¢ 
channels to stations in the Uni 


A Servier 
Continuous-wave telegraphy... 


ing. 8 dots or blanks per letter! 

the fundamental, 3 times this for 3d h 
monic, ete, 

+ Add twice the modulation frequency to 
above 


Modulated continuous-wave telegraphy . 


Commercial telephon; 
Broadeasting, 
‘Television. 


Wide-band fin 
Pacsimil 


Approximately equals (number of picts 
components) X (time of transmission 
seconds) ++ twice the subcarrier frequ 
if used. 


Table V, whie 
munication o 
Other con 


for long-distance 
frequencies are s 
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q IV.— Frequency TOLERANCES 
cified by Ta Convention (1938). See General Rules and 
Miewulations, FCC, Part 2, U. 8. Government Printing Office 
F - 


ney Band olerance 


10 560 ke: 3 
ane ee Sha cnet Garey acaieeg "2 

‘ath under by si aot 

b, Mobile stations between 110-160 ke and 365-516 ke 


+ 0.1% 


0.3% 
20 cycles 


+ 0.01% 
+ 0L02% 


a. Airerait stations, .. 
‘, Brondeasting. ... 


bile: 
6,200-6,250 ke 
$,230-8,330 ke 
000-11,000 ke 


0.05 % 
12,340-12,500 ke 
165;460-46,600 ke 
22,000-22,200 ke. 0.02% 
Other frequencies. iets 
d. Aireraft._- a Siooss 
¢ Broadcasting. = 


ituati i her frequeney ranges 
normal situations. In unusual circumstances ot r é a 
might be used in addition to those specified, For example, for com: 


¥ — eTTON: Frequency Ranch 
Oe eee Progen Ranges Normally Used 
(Nomenclature as in Table I) 
Any 
. ‘Low (ground wave) 
2. Broadeaat (around wave) 
8. Ultra-high frequency 
1, Low (ground wave) 
2) Broadeast (sky wave) 
High (hy wave} 
+ 1, High Gky wave: 
2) Low (sky) wave) 


Local (leas than 1 


Short (15 to 150 miles). 


Medium (150 to 1,500 miles)......-+- ++ 


Long (greater than 1,500 miles) 


5 4 : " ° ae 
Mmunication between two airplanes, both flying at high altitudes, ul 
igh frequencies may be used for medium distance soromiuniestion, 
Aiter the frequency range has been decided, the problem of deter- 
Imining the most desirable frequency within that range remains. The 
fonditions required are as follows:.a specified signal/noise ratio; a mini- 
Mum transmitter power; and a minimum of fading (especial ae are 
ing). ‘The sky wave and ground wave shoul preferably ve 
“ppreciably different pphiades Consideration must, of course, 
#iven to the availability of channels. as 
ces, problem is divided into sround-wave and sky-wave transmission. 
tra-high frequencies will be considered separately. 
en the tsanensation ia 9 take place by means of the ground wave 
the smallest attenuation in the earth, corresponding to maximum repeived 
strength and a minimum of selective fading, will be ot 
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through the use of the lowest frequency in the range selected. On 
other hand, the noise level increases at lower frequencies. An optim 
frequency exists, therefore, for a given transmitter power which» 
result in the greatest transmission range. The use of a frequency son 
what lower than that for which the ground wave and the quasi-maximy 
sky wave are equal at the receiver is desirable," The size and t 
antenna structure should also be considered in t 
ky-wave transmission de} 
nosphore (discussed 

the minimum noise level, 
below the “maximum usable frequeney,” 
At ultra-high fi 


¢an be generated should be employed. The signal/noi 
ission within the line of sight varies approximately ag: 
where, ‘f vertical antenna directivity is assumed at both receiver a 
transmitter output falls off with frequency, 

exponent n probably lies somewhere between 2 and 5, 
Beyond the line of sight the decrease in signal strength at ultra-h 
neies is more rapid the higher the frequency. An optimum 
Queney exists, therefore, which will provide the best signal/noise ra 
at the receiver under a given set, of conditions. If transmission f 
beyond the line of sight is required, then lower frequencies will be favor 
between id 45 Me. If, however, transmission only slightly beyor 
optical distances is ne essary, the use of higher frequencies is indicate 
Usually, however, the optimum conditions are not critical, and consi 
ble deviation from the optimum frequency is possible without too gre 
an effect upon transmission, 


TECHNICAL FEATURES OF H-F TRANSMITTERS 


In this section the design of transmitters for use at frequencies abot 
2 Me is considered, emphasizing those features in which het tranenatee 
differ from low. 

11. High-frequency Transmitter Requirements. No more can 
given here than » list of the points which must be considered te 
Preparation of specifications and design of h-f transmitters: 


~ 1. Cost; size; weight. 
2. Reliability; maintenance difficulties. 
. Power output; ficiency. 
4, Fidelity; noise level. 
eatnfeedueney range; variable or fixed froqueney operation; frequendl 
stability. 
6. Antenna termination 
Power supply availability. 
8. Type of modulation (a.m., fm 
(telegraph, telephone, television, ote. 


A typi 
for 


telegraph, ete.) and class of servid 
Police, aircraft, army, amateur, ete: 
ul h-f transmitter consists of a stable oscillator circuit (crysta 
fixed frequency operation; master-oscillator, if variable frequent 
operation is necessary) followed by frequency multiplier and amplifié 


Stages to raise the oscillator frequency and power to the desired tere 


Jd kroUP of curves from which the approximate optimum frequ 
{faking account of noise levels and fading) is pubis 
dio 


W inay be foun 
| shed in the Report of Committee & 
Propagation Data, Proc. 1.R.E., 21, 1419-1438, October, 188%, 
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tude modulation is most often accomplished 
Be estcode voltages of the final aliplinsestage: 
fion transmitters are usually modulated at a low level, ; 
Nie, Considerations in the Design of Equipment, At high frequencies 
increased attention must be given to coupling between circuit elements, 
Serticularly through capacitances and mutual impedances in the groun 
meuits and leads. Amplifier units may frequently be better arranged 
hy the use of-link circuits. Capacitative coupling may be avoided, 
AL the expense of increased capacitance to earth, by the use of static 
ee. lly, at intermediate 

piss condensers pass through resonance, normally, at interm 
Micro uonnce cit atotive Sprening ie wueetcte reine 


100, 


by variation of one 
Trequency-modulae 


oo 
Ss 


a 
Ss 


Le 


Lz. 
S. 


Per cent of normal efficiency 
= 
& 


o © 2 3 40 50 60 


Transit angle, @, degrees = 
‘Transit time, cathode to grid, x360 

. Period of r-f cycle la 

Mio. 20.—Variation in amplifier and oscillator efficiency against transit angle o 

ole : <4 (Wagoner, Proc. 1.B.2,, 26, 401, April, 1938.) 

Of the by-pass eapacitors At the operating, frequency must be known. 
requenily. a lower impedance can be obtained by the use of a smaller 

{bacitor, x. ‘hoosing a capacitor size which moré nearly resonates witl 

© inductance of its leads. : 

"sulting materials are availal-le with very low losses. Polystyrene 
ute its various names) has remarkable h-f properties but fails mechani- 
Cally at temperatures above about 70°C. For the higher temperatures 
ULoUntered in transmitters the use of one of the ceramic materials, or 
vealex, is preferable. : * 
ower Amplifier Design. Up to a certain frequency ‘between 1.5 
ahd 500 Me, the exact frequency depending upon the tube used) the 
Getermination of vacuum-tube operation condition ig the same ae that 
ima i2ed in the section on Amplifiers, Beyond this frequeney, trans 
He g,atd dielectric losses increase, and the tube may heeame an appreei 
VE Portion of a wave length in dimensions, such thyt che ofiteee drops 
driving power requirements are increased.! Oscillator efficiency 


oxen, W. G, clopmental Problems and Operating Characteristics of 
New Uitrarhigh-irequeney Twodear Brae: TR 36 iO ath kot ass Baste 
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is lower than amplifier efficiency, as Fig. 20 indicates. Data on i not distorted in traversing a multiplier stage; in so doin, 
vidual tubes should be obtained from the manufacturer. y "deviation i multiplied’ by the sume factor as the 
Class C saturated amplifier Btace are in widest use as h-f an 
fiers, with a.m. accomplished at, the highest power level. In some ti 
however, modulation at a low level 
lowed by class B linear amplifiers, is sion (3 


ved, ction i on i of reaction of the 
Ployed} che reduction {0 ibe eomie Beto og inenpuble of necomplishing both of these aims. An example of a 


ion. It is not always appreciated that the object of neutrali- 
‘tually twofold, the prevention, first, of amplifier instability, and, 
nplifier on preceding stages. Many neutralizing 


igh-| i pn circuits are ineapal ‘An exa 

fn ‘high-power modulation ecb oa i daa nok provide pevectneutaliaton is shown 
culti 1 tho peasiblevloss in tf fr Fix. 21.. This circuit, while it can be adjusted to prevent reaction on the 
reba apr Eten maeae pin Miving stage, is degencrative, Figure 22 is botter, If Cy = Cy» and Ln ig 
An example of the latter is a single approximately equal to Lz, and the coupling between Ly Li, good 
band tranamitter, in which it is us houtralization results. ‘The same is true if the input is inductively coupled 


Gy i ‘accompli ively ¢ roceding stage. A satisfactory. plate-noutraliaing circuit. is shown 
Fro. 21,—Imperfect gri Cora is cero ee ae eee conne, Stage in Wig. 28. The output. should. not bo 
tralizing ciret and then to amplify the modulated si Equivalent coupled inductively to the plate tank 
in linear amplifiers. High efliciency linear amplifiers! are not, w ool asbeabotild: by tales Resigns Toate 
used at higher frequencies, although amateur aud experimental ins cieuit comprising the two Expat ons 
. ; consider 4 
Frequency multiplication is required pars: hak Sr Scr 
when an oscillator of requisite stability 
cannot be built at the output frequency, 
where a wide range of output frequencies 
is to be covered and the oscillator fre~ 
queney range is limited, or where neutral- 
ization must be avoided. Crystals are 
now (1940) available up to 20 Me with 
temperature coefficients better than 2 ppm Circuit capab 
per 


3. between 20°C. and 60°C., so that Satisfactory. neutralizing 
unity coupling exists bet 
halves of grid coil. 


Neutralization with Fra. 25.—Push-pull neutraliz- 
half-wave line. ing cireuit. 


fis not required, 8 opi to a half-wave spreoaieietice ns, wl ons input Gi output roltages, 
output and input circuits oper @, are 180 deg. out of phase, There is, of course, an infinite 
P P' pe Aumber of circuits equivalent to a half-wave line, any of which may be 


at different frequencies and oh ; y 
lit te lew loyed in noutralizing cireuits.. Another equivalent, in a grid-neutralizing 
stability is less likels Arrangement, is shown in Fig. 24. In. push-pull 


babilityy bs: Lows Liss ‘its good neutralizing 
Multiplier efficien may be obtained by the use of cross-connected capacitors (Fig. 25). 
that of amplifiers, however, 


their use is avoided in high-po rilizing is complicated further by the decrease in the grid-plate 

stag a paance and the increase in the lead impedances, particularly that 

necessary, tho froquolif _ Of tho cathode to ground, as the frequency 1s increased. . The decrease 

munltinlying stage may be m in the grid-plate impedance ean be mitigated by more careful adjustment 

Fro. 23-—Plate neutralizing circuit, Wlated, although higher dis 7 oo «© houtralizing cireuit. The increase in the lead impedances ean be 
Capable of good neutralizing, if plate tion will be encountered. A fi mpensated by the use of more complicated neutral cirouits. 

impedance of tube can bo neglected. quency multiplier may also: 4€ most troublesome of the lead impedances, that of the cathode to 


aoe used a8 a tinear amplifier of faut is frequently eliminated by tuning the filament leads to series 
waves, although distortion is likely to be excessive and efliciency lo tial mance and thereby effectively bringing the cathode to ground pot 
oi This may be accomplished by the use of series condensers ( 
(Fig, St/P¥ making the heater-ground leads one-half wave length long 


1 


A. Lu, A Negative Grid Triode Oscillator and Amplifier for Ultra-high Frequencies, 2 
a a ie 125 , Oetaber, 105 E 
ich as the cireuit of W. Hi : 2 Power Amplifier 
Modulated Waves, Proc. 1.R-E., 34 82, September ee, ies ara 5 4 / on 
Ivaxoy, A. B., Amplitude Modulation of Frequency Multiplying Stage (in Ri Deoonhie Weigh uly, Neutralization of R-P Power Amplifiers, Pick-ups, pp. 3-5 21-28, 
Teves Bled Stab. Toba No.7, PDs 84-8, 103. NUDIving Stage (ln Ras Minnon Blect Coogee ane Ie Bagt- Consideration of Noutralaing a 
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One of the oldest neutralizing cireuits' has recently been resu 
It consists simply in tuning the grid-plate capacitance to parallel 
nance by the addition of a shunt coil (Fig. 27) and thus raising the 
plate impedance to a high value. The Q of the coil should be 
enough so that the resonant impedance, X@, where X is the reactg 


Lead 
3 inductances 
RE Chokes for supplyi 
Cathode | featercurrent 
tuning Als 


condensers 
it Hae 


A B 
Fic. 26.—Methods of tuning filament leads to return filament to 
potent At A, leads are tuned with condensers. At B, a half-wave 
is used. 


By pass 
condensers 


of the grid-plate capacitance at the resonant frequency, is much hi 
than the impedance of the grid-cathode circuit. At u.h.f. the g 
coil and blocking capacitor may he replaced by an open-circuited 
slightly less than a half wave length long. 

I the above neutralizing circuits suffer the disadvantage that 


Blocking, -Neviralizing terelectrode capacitance is, comy 


“ exactly a fi 
condense} Walzing sated exactly at only one frequ 


usually the earrier frequency. ‘The 
cuit must also be designed to be 
balanced at the side-band frequencit 
stages through which modulated ent 
is passing. At frequencies remote fi 
the carrier, the stage will be unde 
neutralized, either of which is 
ly undesirable. This lack of newt 
zation at frequencies remote from | 
carrier is a frequent cause of par 
as is noted below. In addition, if 
transmitter must be tuned rapidly o 
wide range of frequencies, it is desir: 
ates 3 to employ a wide-band neutrali 
circuit, requiring no readjustment of neutralizing as the transmitter. 
quency is varied. In wide-band, or “‘complete,” neutralization, this 
accomplished by duplicating each part of the tube structure, ineludin, 
lead inductances, in a similar element in the neutralizing bridge. 
bridge will then be balanced at all frequencies. A simple mech: 


+ Nrcnos, H. W., U, S, Patent 1325879. 


¥rg. 27.—“ Coil” or “shunt” 
neutralizing. 


arrangement? 


Sp 
and it need not be con: 
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which accomplishes this for water-cooled tubes in a push- 
mT arcuit is shown in Fig, 28A, while Fig. 28B shows the equivalent 
Midse circuit. ‘The series cathode condensers, Cs, Cy’, which tune the 
pride leads, are used only when it is desired to keep the grid and plate 


fark voltages in phase with the corresponding electrode voltages. ‘The 
Will Vill tte 
Filement terminals Hh 


B 
Vide-band, “complete,” neutralizing. A shows the mechanical 
, the equivalent circuit. The condenser plates are adjustable. 


node connection in water-cooled tubes has no-appreciable inductance, 
ated. ees 
a recently developed circuit which requires little or no neutralizing? is 
wn in Fig. 29. The arrangement is inherently degenerative. If the 
:Bvscuuzex, W., U.S. Patent 2002338, 
iHaves, I. W., and B. N. MacLanry, The Empite Service Broadeasting Station at 
Jour, 1.£.E., 85, 321-369, September, 1939. 


= 
Daven 
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grids are grounded effectively, they sereen the grid from the eai 
circuit and no reaction on the exciter is possible. One disady 
is that provision must be made for operating the filaments at hij 
potanticl, Jf the acrooning offact of the grid’ incomplete, neutr: 
condensers, shown dotted in the figure, should be used. In general, 
small neutralizing condensers suffice, and the minimum plate 
reactance is cut nearly in half, as compared with conventional i 


Fie, pecan Meter amplifier. The neutralizing condensers, 
dotted, are required only when the shieldin; foe y the grid bet) 
cathode and plate is incomplete. The grid leads may be tuned to 


resonance to improve the grounding. 
B21, September, 1939.) 


The commonest expedient for avoiding neutralizing difficulties is 
use of screen-grid tubes. In the past the efficiency of such tubes 
been low because of the high screen current required, but this is 
avoided by the use of the beam principle. “Many transmitter tu 
this type are available, including the 832 u-h-f push-pull tube and a 
kw television tube.' 

Parasites are undesired oscillati 
in transmitters,? to whieh h-f 
power transmitters are particul 
prone. The presence of parasi 
usually revealed by low effici 
excessive distortion, high r-f vol 
overheating of components, or a 
bination of these efiects. An ab 
tion wavemeter may be used to | 
the parasite and to determine 


(Hayes and MacLarty, Jour. 1.E.Bay 


- suppression ro- 
sistors and choke. 


A common cause of 
the 


1 Harer, A. V.. 1. 5. Nenoaano, W. G. Wagrsen, P. D. Zorry, R. B. Aven, 
H. E. Gnittaxo, Development of u 20-kilowatt Ultra-high Frequenoy: Totrode for 
vision Service, Abstract in Proc. 1.2.B., 27, 610-611, September, 1939; Blect. Baga 


107. March, 1940. 5 
?Frupe, G. W., Parasites and Instability in Radio Transmitters, Proc. IR. 
985-1012, September, 1935. 
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yession elements should not be so large that they interfere with the 
Maired operation of the amplifier, fhe Atte 
Push-pull amplifiers frequently develop parasites of the type indicated 
jets pet mplifier oselllating in push-pull at a higher frequency than 
above, Ui ideband neutralizing 1s very effective in suppressing such 
pomncites. A push-pull amplifier may also oscillate in parallel, in which 
The two Lubes are connected in parallel by the tuning condensers at hf, 
or by the tuning inductances at Lf, ‘The solution indicated in Fig. 30 
applies here also. If oscillation oceurs 
MPH. the rf feed chokes should be 
investigated as likely causes. It is 
tisually preferable to center-tap_ the 
tank condenser, rather than the tank 
coil, to obtain the ground point. 
Similarly, tubes operated in parallel 
often oscillate in push-pull at a fre- 
quency determined by the intere- 
Hbctrode capacitances and the leads 
connecting the tubes together. ‘The 
cure is to insert isolating resistors and 
the tubes, as indicated 


Fic. 31.—Parasitic suppression 
resistors and chokes for parallel- 
connected tubes. 


h-power tubes have an appreciable negative resistance over 
4 po their grid characteristies which may cause a dynatron oscil- 
lation in some part of the grid circuit. The grid resistor of Fig. 30, plus 


allel from grid to ground, is usually effective in suppressing 
« Mich parscites’ In some transmitters diode load tubes have been con- 
I'petween grid and cathode for the same pur 


In sereen-grid tubes the screen by-pass connection shotild be as short 
4s possible, to avoid the introduction of inductive reactance at a very h.f. 
Beam power tubes, with their very’ high 
power gains, are prone to oscillations from 
this source,’ A small non-inductive resistor 
inserted directly in series with the screen 
(Fig. 32) is useful in suppressing such 

rasites. 

Paid. Interstage coupling circuits frequently 
employed in h-f transmitters are illustrated 
in Fig) 33, The arrangements of A, B, and C 
claim’ attention because of their simplicity, 
Inductive coupling, as at D and £, is advan- 


CH sup- tageous beenuse no current, flows in the 
sistor in screen ground impedance to add to feedback prob- 
lems, ‘Their use is desirable when the two 


stages are separated by considerable distances. The feeding line 
a is sometimes made coaxial. _If purely inductive coupling is 
~ “esired, a static shield may be interposed between any two of the coils 
of Dork. PG, and H are three arrangements for coupling transmission 
Tine tank eitcuits. J, J, and K are used to couple from a single-ended 
Stage to a push-pull stage. te * ay 
5. Push-pull versus Single-ended Circuits. ‘The principal advan- 
fages of the push-pull connection are as follows: simpler neutralizing, 
“aneellation (at least in part) of even harmonies, and simpler by-passing 


induetive coupli 
ended to push-p 


coupling circu 
0, and A, transtissi 


546 


a, b, and ¢, direct coupting; d and: 


jon-| 


ine coupling; 


3, an 
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problems. The advant of single-ended st are as follows: lower 
tank voltages, generally lower tube cost per kilowatt, and simpler eon- 
nection to grounded transmission lines and antennas. A 

‘Tank cireuits may be either lumped or distributed. At higher fre- 
quencies transmission-line elements are employed as tank circuits, as 
{i Fig. 34 in which a parallel-wire short-circuited line is shown for a 


Fro. 34.—Transmission-line tank ¢ircuits. 


push-pull stage. If the tube capacitance were zero, the line length 
would be an odd multiple of a quarter wave in length. Since the tube 
capacitance is never zero, the line length is shorter than a quarter wave. 
The length of line necessary to resonate with agree tube reactance is 


shown in Fig. 35. Oce: crane an open-circuited line is used for a tank 
‘ uit, as in Fig. 34, in which case the line is a quarter wave length 
longer. 


In a wide-band amplifier the power output of an amplifier is limited by the 
required band width and by the minimum tank eapacitanee. ‘Thus, the 


au 


oF 02 05 «WO 2 5 10 20 50 100 
X/Zo 


Fre. 35.—Length of line to resonate with condenser. X = reactance of con- 
denser; Zo = characteristic impedance of transmission line. 


tubo has a maximum emission current I=, a maximum modulation frequency, 
{> and a minimum output capacitanee C, then the power output of the tu 
proportional to La?/Cfa- 


ULTRA-HIGH-FREQUENCY TRANSMITTERS 


16. Ultra-high-frequency Circuits. Both the tube and the cireuit 
Froblems.become increasingly difficult as the frequency is raised, but 
ring the past few years several developments have appeared to reduce 
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the magnitude of some of these. The product of maximum realizaly 
power by frequency is constantly being raised. ; 

Up to between 250 and 500 Me, more or less conventional tubes an 
circuits are employed in transmitters, with master oscillators at th 
output frequency, or at subharmonies of the te frequency, driving 
one or more multiplier or amplifier tubes. Amplifier-tube constructio 
for ultra-high frequencies has vastly improved during the period betwee 
1985 and 1940. For example, a sereen-grid tube is available with 
output of 20 kw at 120 Me with a band width of 2 Me. 

Several cireuit arrangements are in use. One scheme employs 
erystal or other stable oscillator at a relatively 1.f.—10 to 30 Me—followe 
by multipliers and amplifier stages. By the use of multipliers in 
amplifiers except, perhaps, the output stage, few neutralizing circuit 
are needed. Alternatively, an attempt may be made to secure hig! 
efficiency in the amplifier stages by completing the multiplication at, 
low latel and accomplishing most of the power amplification at the output 
frequency, Such este are facilitated by the availability of uchef 
totrodes, which need no neutralizing, such as the $82 and the 20-kw tub 
mentioned previously. Another circuit arrangement employs a stabl 
oscillator circuit operating at the output frequency, someti 
appreciable power cutout, followed by one or two stages of amplificati 
Such a system has the advantage of simplicity. A_ transmission-lin 
stabilized oscillator is common in transmitters of this type. 

Whenever possible, a.m. of u-h-f transmitters is effected in the fin 
amplifier, either by grid or plate modulation, avoiding the use of line 
araplifierg. <(réqieeuny suodulation, ocithe tier handy te most oa 
accomplished at low level, since the amplifiers operate saturated al 
present no particular adjustment problems, 

The most common type of tank and coupling cirenit employed a 
wh.f. is shown in Fig. 33/1. The opportunities for the exercise o 
mechanical ingenuity in the arrangement of the circuits are plentiful. 
the frequency range to be covered is wide, the effective @ of the tar 
circuit can be maintained substantially constant by simultaneous vari 
tion of the line length and the tuning capacitances, It should be not 
that in h-f transmitters the effective Q is frequently higher than desired, 
and every attempt is made to reduce the tuning capacitance in order to 
reduce the tank losses and to obtain the required band width. Figure 35 
may be used to ealeulate the length of line for any eapa 
frequency, although this may be altered somewhat by the 
coupled circuit. The coupling between the two lines is a combination 
of distributed mutual inductance and capacitance, unless a static shiek 

interposed between the two to eliminate the eapacitative coupling 
‘The use of such a shield may be desirable in some instances to improve 
the balance between the two sides of a push-pull stage. 

17. Tubes for U.H.F. Triodes and tetrodes are now (1941) available 
which will furnish appreciable power output at centimeter wave lengths.) 
At 100 cm, for example, the $82 type will furnish 20 watts, while the 
and 888 water-cooled tubes will furnish 350 watts. The 1628, with its 
double lead construction and dissipation of 40 watts, may be used as 


1 Wacexen, W, G., The Developmental Problems and Operating Characteristics of 
Two Now U frequency Triodes, Proc. 1.R.E., 26, 401-4 MTR iy, 
ALL. A Negative Grid ‘Triode Oscillator an for Ultr F ies, Pro. 

2. October, 1937, 
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’ em at full rating. Small Western Electric triodes are available 

lon poke output down to 10 cm. The simpler e imeter-wave 

transmitters employ tubes such as these as self-exeited oscillators. 

‘The most promising development in centimeter-wave transmitters, 
however, is the electron beam tube principle, ¢: emplified by the ae 
of the Varians’. ‘These are dezeribed in the section on Vacuum ‘ubes. 

48. Variable (‘Floating,” “Controlled,” or “Hapug”). Carrier Trans- 
mitters. Variable Carrier Operation. ‘The earrier level is made, depend 
ent in some way upon the amplitude of the modulating voltage. here 
are many systems of this type. In one the carrier level is made to vary 
instaritancously according to the amplitude of the modulation voltage, 
and the percentage modulation, therefore, is kept constant at every 


instant. 


Modvlated 
amplifier 


ie ae : PF outout 


Fie. 36.—Variable carrier transmitter circuit. 


In an alternative system the carrier level follows the syllabic variations, 
iv,, the average peaks in the modulation voltage whose frequency is o 
the order of 1 to 10 ¢.p.s. A common practice is to make the minimum 
carrier level about 25 per cent of the maximum. ‘The filter constants 
must be so chosen that the plate voltage of the rf tube rises rapidly, 
or the transmitter will overmodulate on the leading edge of steep wave 
fronts. The current R.M.A. television signal is an asymmetric-side- 
band system with a variable carrier, whose amplitude is proportional to 

© average picture illumination. 

The advantages of variable carrier are as follows: 


1. Reduced noise level: in the absence of strong carrier the noise com- 
Ponents beat only with each other and are reduced in amplitude. 


ainples of 
or for Ultra-high 


hrung in Theorie un ; 
*s' Handbook, American Radio Relay League, Hartford, 

jon... 1989: "" Radio Handbook,” ed Ay Smith, 6th eds Radio, btd., Sante 
arb : . 
“Hatinen, fF. Gunrn, and I, Powos, Modulation with Variable Carrier Ampli- 


Wide, Hocht. u. 


ick,, 6, 141-147, May, 1936; Fruen, G. W., Phone Transmission with 
ice Controlled Carrier Pow 


QST, 19, 9-12, January, 1985. 
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2. Reduced power consumption: since the average percentage modulat 
in typical audio program material is very low, the average power output 
correspondingly low. 

38. In television the d-e picture component is more easily transmitted. 


The disadvantages are as follows: 


1. Conventional receiver a-y-c cireuits, which operate in proportion to 
received carrier level, will not function properly. 


Fia, 87,—Balanced modulator. The balance is adjusted by varying 


Z sereen bias voltages, 


2. Distortion on steen wave fronts may be excessive if the rectifier does 
act rapidly, 
3. Complexity of the modulation cireuit, Because of the com plexit 
low efficiency of the modulation circuit, modulation is normally accom plist 
at low level and power output 
increased by the use of li 


i amplifiers. 

Audio 

input | 19. Suppressed Carri 
Lad esnsmnitisee vit eaayes 


carrier transmis onl 
side bands are radiated, Tn 
absence of modulation no 

4 age appears across the anten 
Carrier At thg receiver the carrier 
reintroduced in order to faci 

tate demodulation. 
The carrier may be s1 
prosed in aay, of a number 
Fic. 38.—Balanced modulator usin; The tabevare on eee 
copper oxide rectifiers, ‘The balaneeisad- ye, {tbes are operated on He 


uated with the two resistors. (Koomans, 7 Re 
Proc. LR.E., 26, 182, Pebruary, 19389 acteristics. By careful 
justment of such balan 


modulator circuits, the carrier can be suppressed some 50 to 60 db below 
its normal value in an a-m wave, but suppression beyond about 50 db 
difficult to maintain over long periods of time without readjustment of #! 


modulator tubes. More recently, copper oxide rectifiers have fou! 
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plication in carrier suppression modulators." By adjustment of the 
SPP jors 2 cartier suppression of 90 to 100 db is possible. 


hile it would seem possible to effeet consider 5 7 
heed {Hough the use of carrier suppression, in practice this type of 
Tedijulation is rarely used because of the difficulties involved in replacing the 
gurrier at the receiver. If the signal is to be demodulated without distortion, 
tueplaced cartier must be not only of the correct. frequency, but also of 
correct phase. This can be accomplished by transmitting a pilot frequency 
long with the side bands, from which 
the carrier is derived, but the difficul- 
tics are relatively great as compared 
with single-side-band transmission. 


20. Asymmetric (or “Vestigial’) 
Side-band Transmitters. In aay 
metric-side-band transmission all of 
one side band, except for low fre- 
quencies, is removed, the carrier is 
partially attenuated, and the other 
side band is completely transmitted, 
except for low modulation frequen- 
cies Which are partially transmitted, 
od arrtee are in a i 

in the first system of asymmetr saith 
rd the first syste tary double-side-band signal is passod through 
filter whose characteristics are idealized in Fig. 59, ; 

Tn the Koomans system? conventional double-side-band a.m. is 
employed from the lowest modulation frequency up to some intermediate 
modulation frequency (about 2,000 eycles for sound transmission), and 
single side band of double amplitude for higher frequencies. The 


ble power savings and noise 


Fie, _39,—Asymmetrie-side-band 
system, using filter to suppress un~ 
lesired portion of spectrum, 


Carrier 


|Single side band 
Double side band 


Fie, 40.—E distribution in Koomans asymmetric-side-band syste 
Me omans, Proc. T.-H. 27, 087, November, 1939.) 


Spectrum resulting from the app n of a constant-amplitude, varying 
frequency modulation voltage is shown in Fig. 40. | ‘ 
he advantages of agymmetrie-side-band transmission are as follows: 


1. Reduction in band width. ; : 
2 Reduotion in deleterious effects of selective fading. 


Furthermore, asymmetric side-band signals may be 
complex modulation equipment and may be demodulated by conven- 
tional receiving circuits with little distortion. 


1 Koow. side-band Telephony Applied to the Radio 
Netheriandy “and Hieetiiiands Bast Indies, Bree. 1.R.8., 26, 182 


Sepp cKEnstny. P. P., Asymmotrio-sido-band Broadeasting, Proc. 1.R-E., 26, 1041-1093, 

ember, 1938, = 

re Koomans, N., Asymmetrie-side-band Brondeasting, Proc, LR.E., 21, 687-690, 
lovember, 1939, 
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24, Single-side-band Transmitters. Two methods are available 
the generation of a single-side-band signal, one using filters, the 
phase rotation of the modulation and r-f voltages. 
In the filter system, the commoner of the two, the carrier is first 
p by a balanced modulator. ‘This is followed by a sharp cut 
iter which removes the undesired side band. ‘These operations 
carried out at a low carrier frequency. The resulting single-side- 
signal is then converted to a higher r-f frequency by beating with 


To, 


frequency should be 


necessary to reach the desired output freq: 
_ Balanced 
Modulating modulator 


“Balanced 
'90°Phase 
Shift modulator 
Fic. 42.—Phase-shift system for generation of single-side-band signal, 


mediate modulations to simplify filtering the undesired modulation 
produets in each of the subsequent balanced modulator stages.? 

. In the phase-rotation system for the production of single-side-band 
signals no sharp filters are needed. One embodiment is shown in Fig. 42. 
‘Two balanced modulators are employed, one of which is fed by modulat- 

‘ Pouktnanory, F. and N. F. Semaack, A Single Side-band Short-wave System for 
RB, 0) y, 1935; Or A. 


Trans-Atlantic Telephony, Proc.  B., 701-718, July 
Short-wave Single-side-band Tadio ‘iSlophoue Syvteta, Poe, TBS Sei 


December, 
le-side-band Telephon: Applied to the Radio 


k between the 
26, 182-206, February, 1938. 


»N.. Si 
Netherlands and the Nethoriends Bam Indies, Proc. I.R.E., 


- voltages. 
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voltage, and also by carrier voltage, 90 deg. out of phase with the 
Ealisass fed to the other. 
‘The outputs of the two modulators are, accordingly 
Vi = Vm sin pt sin wt 
_ Va = Vm cos ut 608 at 


» ampl'tudes of the carrier and modulation 
af pecan sro. te Velocities of the samo 


y and mereprese: 

en sag cetives aud w and aro the angular 

ic gives: 

Vi + Va = Vm (sin pl sin cof + cos yl cos wt) 
= Vin cos (o — nyt 


which shows that the output voltage of the agutas contains onl Ang foo 


is not impossible, and var~ 
ishment.! 


ia a Tollowing ad vantages, as compared with 


as the following 


idth. f 
1, Reduced channel viumodulated with conventionas receiver. 


3. Improved signal /disturbance ratio. 

4. Reduced power consumption at transmitter. 
: Fizig® tale a 

To conveniently demodulate a single-side-band signal, it is usual | 
_ einen the eartiey at the receiver. In contrast to the suppressed carrier 
vstem, the distortion is not excessive if the reinserted carrier deviates 
slightly to 1 to 5 eyeles—from the correct value. A pilot” frequency 
is ofte ith the side band. The pilot frequency 
but only a tone related to the 
may be casily derived at the 


is often transmitted along wit 
need not be the correct carrier frequency, 
carrier frequency, from which the carrier 
Teeeiver.? . 
i rt the 

22. Single-side-band-plus-carrier Transmitters. In this caso | 
fide ecper es be generated independently, as in the preceding seen 
and then added to the carrier. Alternatively, if the phase-shil c syst a 
Fig. 42 is employed, conventional modylators may be sul sdbutad 
for the balanced modulators, in which case a single-side-band-plus-car- 

Fier signal is generated directly. : : 

Singlwside-band-plus-carrier has the following advantages: : 
1. May by ventional detectors, without modification. 
A oir aimed dispurbaneo ratio ‘over amplitude modulation is attain- 

« ablo, 


8. Seloctive fading is reduced. 


hate Fi odulation Transmitters. A great many circuits 
have’ been proposed for f-m transmitters. ‘Three of those have found 
{pPlieation to the Armstrong wide-band system, and will be deseribe 


‘or example, see Brann, J. F,, Polyphase Broadcasting, Trans, A.I.E.E., 68, 347-350, 


imrnoxe, BH ing Di i ignalling by & 
tp TL. A Method of Reducing Disturbances in Radio Signalling 
m of Freauency Atotulation, Proc. 1.2 B.,24, 089-740, May, 1086. 
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ire e output wave be frequency modulated, for which the 
desired, thatthe or onsely proportional to the modulation frequency, it 
Beonty necessary to introduce a correction cireuit in the modulation- 
frequency amplifier whose response is inversely proportional to the modu. 
Jation frequency. The wide-band system, in its prose form (1 0), 
however, makes use of a combination of ‘.m. and p.n., in which the 
jadiated wave (for audio transmission) is frequency modulated between 
About 30 and 500 eycles and approximately phase modulated at higher 
modulation frequencies. ‘This combination is called pre-emphasized f.m. 
The audio response curves employed by Armstrong for converting . 

1m transtnitter into pre-emphasized f.m, is shown in Fig, 44, along with 
the curve for converting a p-m transmitter into a f-m transmitter. 


Armstrong Circuit. A block diagram is shown in . 434, 
unmodulated carrier is added to the side bands after the latter have 
shifted by 90 oe ‘The resultant of the earrier and side-band volt; 
is thereby shifted in phase (Fig. 438), and this change in phase is lin 


»_Tomultipliers 
cilla 


jAmplifi 


phase -Amplifie 


shifter | 


Modllation 
input 


A B 

Fic. 43.—Armatrong modulation system. A, the circuit arranger 
(Armstrong, Proc. 1.R.B., 24, 689, May, 1936); B, a vector representation 
manner in which side-band voltage is added to carrier to generate p-m wit 


related to the side-band voltage so long as it is restricted to angles 
than about 30 deg.! In addition to the phase shift the resultant 
undergoes a small change in amplitude which is readily removed by 
succeeding saturated amplifiers, the ‘limiter’ stages, 


. frequencies 
Fic. 45.—A-t-c f-m cireuit. 


0 are pa ule i 
For « sinusoidal modulation voltage the phaso deviation, in any system 
* jn which the angular volocity: (or frequency) is modulated, is related to tho 
A frequoney deviation by 
0 ao = 
~20 Whero A@ = maximum phase deviation in radians 
3 dw = maximum angular velocity deviation in radians per second = 
3 y 
3-39 = angular velocity of modulation frequency in radians per 
8 ad = 2rfue 
t Tn tho Armstrong sysiein a frequency deviation of about 75 ke (eorre- 
£ Ponding to Aw = 2 X75 X 10" = 4.71 X 10° radians per second) is 
E740 a Wi the lowest a.f, to be transmitted is 80 cycles (u = 2 X 30 = 38 radi 
she ae} A = 
8 morlulation Per second), then the phase deviation necded is a6 = = ST gg = 
= 2.500 radians, ‘Phe amount of p.m. which may be produced in a circuit of the 
‘pe illustrated in Fig. 43 is limited by non-linear istortion to a maximum of 
“ thout i; radian. ‘The increase from 3 to 2,500 radians necessitates a 
i ‘on of about 8,000. In the Armstrong transmitters, 


equency multi e 
is is accomplished in a series of low-power multiplier stages. A frequenc; 
Huultiplication of 5,000 may be carried out in 13 doublers, 8 triplers, 6 quad~ 

Tuplers, or combinations of these. 


_ Acie Cireuit, ‘The second f-m transmitter circuit which has found prac- 
{itl application in the wide-band system isan adaptation’ of the automatic 
Tequeney control system sometimes used in a-m broadeast receivers. If 


*Chosny, M, G., Br h tent 5047 Curnerx, H., and P. Boutas, U, 5. patent 
Sl2h. Detailed information on the operation of reaétance tube and, discriminator 
‘cuits may be found in the following papers: Fosrer, D. E., and 8. W, Seavey, Auto- 


“605 eee & ee: g gs 


Modulation frequency, cycles 


Fic. 44.—Frequeney characteristics of audio system to convert phase mod 
lation transmitter into f.m., and into pre-emphasized f.m. 


‘The Armstrong circuit is fundamentally a phase modulator, since 
phase deviation is independent of the modulation frequency. If it is 


9g tt?® D. In Armstrong's Frequency Modulator, Proc, 1.2... 26, 475-481, April. 
1938. 


/ 
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the grid voltage of # high plate resistance tube is fed with r-f vol Morrison Circuit. The third circuit to be applied to the Arniseuie 
the plate circuit through a 90-deg. phase shifting network, as in om was developed by Morrison.! ‘The reactance modulator an 
then the impedance seen, looking into the plate circuit, is very mt ‘oscillator are similar in principle to those used in the a-f-c circuit. 
pure reactance whose magnitude (in the absence of degeneration) is ‘The frequency correction, instead of being applied through the reactance 
tube, is furnished by a motor-driven tuning condenser. The motor is 
ated from vacuum-tube modulators, supplied by two voltages, one 
fixed frequency from a crystal oscillator, the second proportional to 
the mean frequéney of the output signal, "The difference between the 
By varying the transeondu frequencies of the two voltages actuates the motor and correets the out- 
of a tube connected in this m: it frequeney accordingly. Z sy 
called a reactance tube, the "Phe voltage whose frequency is proportional to the mean frequency of 
ance may be varied from i the output signal is derived without the use of frequency selective circuits. 
to a minimum value indi ‘This is accomplished by passing the modulated wave through frequency 


: = = : the above equation. ividers which reduce the depth of modulation to a small value, The 
Fro. 40-—Renetance tube in ae conductance may be varied advantage of the Morrison system is that the modulation circuits and 

plying the modulation. in the frequency control circuits are independent of each other. Ono 
with one of the electrode voltages, such as that of the control grid. function is not limited by the other, therefore, 


In the a-f-c circuit a reactance tube is shunted across the tank circuit: 
conventional self-excited oscillator. By varying the bias at an audio TECHNICAL FEATURES OF H-F RECEIVERS 
the resonant frequency o! tank ane oscillation frequency are ¥3 * 
‘To stabilize the mean frequency, a degenerative feedback cireuit of the 24. High-frequency Receiver Requirements. As in the case of h-f 
type aa that utilised in automatic frequency control in receivers is ecagl transmitters the details of the specifications for h-f receivers are fixed 
‘he oscillator frequency is heterodyned to an if. by means of a converter: by the use to which the receiver is to be put. ‘The items which are 
crystal oscillator and ‘then passed to a frequency discriminator circuit usually considered in the design of a receiver are the same as those listed 


output voltage is propertianal to frequency. This voltage is for h-f transmitters and, in addition, the available signal strength, 
degeneratively to the reactance tube und serves to minimize freq selectivity requirements, and image per- 
variations of the oscillator. If the circuit constants of the feedback * formance must be considered. 


General Receiver-design Consider- 
it ations. Most h-f receivers are of the 
Superheterodyne variety, although at 

tra-high frequencies other cireuits, re- 
ve detectors, the superregenera- 
five receiver, and even diodes or erystals 
ollowed by audio amplification are some- foal i 
times employed, To attain the best 7 48<) Typical i 
Signal /noiso ratios, it is necessary to 
tmplify the signal before conversion to the i.f., or to employ a high-gain 
fonverter tube; improved tube designs are constantly extending the h-f 
limit «t which such amplification or conversion is possible. 
The i.f. of the h-f bands of a home receiver is usually the same as that 
employed for the broadeast band, which is fixed by other considerations 
_Atabout 455 ke. This is too low to give satisfactory image response and 
cr characteristics for many specialized types of h-f receivers. Accord- 
joely, in. receivers primarily intended for h-f use, higher intermediate 
M4vencies are found, values near 1.5, 3, 5, and 10 Me being common. 
rom the point of view of signal /noise ratios the input circuits of the 
fecciver are of primary importance. Figure 48 is a typical antenna 
foupling cireuit, which may be idealized in the manner shown in Fig. 49, 
Where the voltage ¢ and the resistances have been reduced to terms of 
‘er primary or secondary quantities. The thermal agitation noise 


| input cir 
cuit of receiver. 


Fio. 47.—Morrison f-m circuit. 


are suitably adjusted, the transmitter may be made degenerative for 
frequencies as well as for slower variations and the usual advantages 
degenerative feedback. At 20 Me linear frequency deviations of 100 ke 
more are easily obtained with the a-f-c circuit, so that little multipli 
is needed to adopt the cireuit to the wide-band s ‘The frequ 
stability, however, depends upon the stability of the discriminator 
in addition to that of the crystal oscillator, so that temperature or 
control of the discriminator may be necessary. Hum problems may be 
mized by the use of push-pull reactance tube arrangements. 


matic Tuning, Simplified Circuits and Design Practice, Proc. 1.R. 
1937; Roper, H., Theory of the Diseriminator Cireuit for Automatic Frequency. 


A New Broadcast Transmitter Circuit Design for Frequency 
, 28, 444-449, October, 1940. 


Proc. I.R.B., 26, 590-611, May, 1938, 
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power generated in the input circuits at room temperature is 
W = 1.64 x 10-F watts 


dyné converter and over the thermal noise in later circuits. At lo 
frequencies, where the tube input resistance is very high, this is acco 
plished by making the ratio R:/R,, Fig. 49, and the gain of the fit 
tube large, or, in terms of Fig. 48, the transformer ratio and its Qaren 
high. higher frequencies the input resistance of the tube fixes 
maximum impedance of the first cireuit, In such cases best operat 
is obtained if Ry is made equal to Ry, The resulting signal/noise 

is 3 db lower than the theoretical maximum. 


Amplifier 


| Resistive 
Generator| component 

(antenna) of input circuit 
Equivalent input cireuit of receiver. (Johnson, Llewellyn, 
Eng., 83, 1449, November, 1934.) 


Tf the receiver is connected to the antenna through a transmi: 
line, it is desirable (and in television, necessary) that the transmis 
line be terminated in its characteristic impedance to minimize 
and the attendant distortion in the frequeney characteristic. 
corresponds to making R; = R, in Fig. 49." ‘In the design of 
receivers it is necessary also that the frequency response of the inp 
circuit be considered. 

Converter circuits are similar to those employed at low frequene 
except that more attention must be paid to interlocking (“pulli 
between oscillator and converter circuits since the ratio of signal to int 
mediate frequencies is usually high, If separate oscillator and mii 
tubes are employed, the 1851 and 1852 tubes will be found to have hij 
conversion transconductances, of the order of 3,000 micromhos, and le 
noise? The 6K8 tube is the best combination er-oscillator tul 
available at present (1940) for use in h-f superheterodynes. 

26. Ultra-high-frequency Receivers. Up to about 100 M 
receivers follow the same patterns as other h-f superheterody 
Differences are as follows: r-f amplifier and conversion gains are | 
loading of tank cireuits by tubes is more troublesome, higher intermedi 
frequencies are employed, and ng of oscillator and ampli 
tuning is more difficult to av 


1 Jouxson, J. B., and F. B, Lunweuiyy, Limits to Amplification, Elec, Engo, 
1449-1454, November, 1924. 

? Kavasiann, A. P 
January, 1939, 


Fie. 49, 


Hevelopment in centimeter-w: 


‘New Television Amplifier Receiving Tubes, RCA Rev., 8, 271-28 
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‘To avoid excessive loading of the tank circuits (Fig. 50) by the tubes, 


Teac 
‘The 6K8 tube as an oscillator- 


the plate and grid connections are tapped down on the tank circuits. 
Fiengths should, of course, be short, and the use of by-pass capacitors 
with low-impedance leads is essential. 


averter or the 1852 as a converter with 


a separate oscillator were most widely used in 1940, 


Typical u-h-f amplifier circuit. 


Above about 500 Mc it is difficult to amplify the received signal at the 


carrier frequency using 
circuit successfully used 
third harmoni 
in the special diode to produce a 
10-Me i-f beat. 

Because of the difficulty of 
amplification and frequency con- 
Version of centimeter waves 
meepler receiver types than su- 
perheterodynes are often em- 
ved. A crystal detector fol- 
by an audio amplifier, Fig. 
52, is the simplest of these and, 
while insensitive, is frequently 
used in laboratory receivers. 
Regenerative detectors, as in 
53, have also been em- 
. To increase the sensi- 
tivity, the supergenerative prin- 
tiple is often used.? 

Perhaps the most promising 


Teceiver technique is the a 

tion of the electron-beam pritch: 
ple to converter and amplifier 
Mibes.? Tt is probable that this 
Principle will he widely used in 


conventional u-h-f tubes. A diode converter 
4 700-Me receiver" is shown in Fig. 51. ‘The 
of the oscillator heterodynes with the incoming signal 


To/OMc 
4 


Fi. 51.—Centimeter-wave mixer cir- 
cuit. (Bowles, Barrow, Hall, Lewis, Kerr, 
The CAA-MIT Instrument Landing 
Syatem, presented at A.I,E.E. Convention, 
Jan. 22, 1940.) 


@ near future and that appreciable amplification at frequencies above 


Me will be attained thereby. 
now, W, M. Haut, F. D. Lawn, and D. 


3 are des 
ik der Decimet 


a Han 
106-118, ir 


erwelle: 


. Convention Jan. 22, 1941 
infuhruny 
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27. Reception of Single-side-band-plus-carrier and Asymmetric: 
band Signals. Signals of these types may be amplified and demod 
with conventional receivers. In the asymmetric-side-band case 
carrier in the side-band filter should normally be located at the mid) 
of the filter attenuation curve, i.¢., at the point where the filter is 6 
down, Such operation normally gives minimum distortion, 
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> 


Fie. 53.—Centimeter-wave 


Fic. 52.—Centimeter-wave detector. 
generative detector. 


Tn 


tion produ 
of a single- 
ear rectifi 


curve would indi 
H modulation no distortion is prod 
if the single-side-band signal is 
modulated by a square-low rec 
The modulation depth m of Figs 
equals 2 when the side band an 
rier are of the same amplitude, 

Tn asymmetric-side-hand tran 
sion the demodulation distortion 


6 08 10 12 14 16 16 20 
Modulation depth,m. 
|. 54.—R-m-s total harmonic 
distortion introduced in demodula- 
tion (by linear detector? of sinusoid 
ally modulated single-side-band- avoided by the use of both side bi 
plus-carrier signal. at modulation frequencies for whil 
the percentage modulation is likely to be high. At high modulat 
frequencies the energy content in typical program material is low, 


0 0 


Fic. 


.Worre, P. J., Modulation Distortion (in Duteh), Tijdschr. Nederland. Rai 
7, 9-114, April, 1936. 
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that the distortion resulting from rectification is correspondingly low. 
‘An ulternative expedient that may be employed is the accentuation of 
{he carrier in the receiver. No simple means of accomplishing this is 
available, however. 


. 55.—Frequency-modulation receiver, 


6SI7 
EL. au 
ig transformer 
fcr I 
Transformer Cc 50%0100 
volts 


Fic. 56.—Conventional limiter circuit. 


While the demodulation distortion is higher in single-side-band-plus- 
¢arrier and in asymmetrie-side-band systems than in a conventional a-m 
transmission, it should be noted that distortion resulting from selective 
fading, which may be very objectionable, is reduced. 

I 28. Single-side-band Receivers. 
H order to cemodulate a single-side- 
id signal with a conventional recti- 


tT 


quality re 
must be 


ny) 


0203050710 23 5710 
RF Input voltage 
i 


mplest. means for replacing 
mr is to add the output of a 
oscillator to the signal in the 
eryata,channel of the receiver, A 

#4 oscillator is convenient for this 


If the carrier is replaced 


0 is purpose. 
reuit, the heterodyne oscillator of the superheterodyne must 


" 
an thany: 
With the s 


od stability, 
* Single-side-band signals a pilot frequency is transmitted along 
signal, from which the carrier is derived at both the receiver 


Asymmetric-side-band Broadcasting, Proc. .R.E., 26, 1041-1093, 
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and the transmitter. If this arrangement is employed, the ree be accomplished, an a ate calves fon itl above the noise 
carrier frequency cannot depart from the correct value,’ In some at fevel can be made to pro noise pe nu Pi voltage. ss iaaiea 
ments the pilot frequency is filtered from the signal and used to op “The demodulator cireuit, which follows the limiter, is designed to 
an automatic frequency-control circuit connected to the beating 9 ‘convert frequency variations into I-f output and also to assist the limiter 
jators. A number of schemes have been devised for this pu : jn suppressing amplitude variations. ‘The two circuits of Fig. 58 are in 
29. Frequency-modulation Receivers. In Vig. 55, from the Q qurrent use. cei 584. tks Biase, ne two ee ne 
-f i i ver is qui rit fireuits resonant above and below the mid-band frequency. | ‘The vol 
SE ae ae ee isda) ekouk have &: Bao fas eto eric cou are rife and combined the platy 
150 to 200 ke, Following the i-f amplifier is a limiter stage, desig “which partially cancels amplitude changes. Figure 58B is an adapta- 
re tion of the frequency discriminator, eniployed in automatic frequency- 
control cireuits.?. It affords the same advantage of partial cancellation 
of amplitude variations as the circuit above. 
A Method of Reducing Disturbances in Radio Signalling by a 
n . LR. E., 24, 089-740, May, 1930. Mf 
. tnd SW. Briar Autom ‘Tuning, Si ite Cirouita and Design 
. + 20, ‘opEty, H.. Theory of the Diserimina- 
Pais for Automatic Frequency Conttol, Proc, 1.22.2, 26, 600-011, May, 1038. 
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Audio 
output 


B 
Fie. 58.—Frequency-modulation demodulator circuits. A shows 
strong circuit (Armstrong, Proc. 1.R.E., 24, 689, May, 1936); B sho 
quency discriminator. By-pass condenser is for r.f. 


remove amplitude variations from the signal as completely 2s possi p 
‘The time constant of the RC combination is preferably less than 10m 

sec. in an audio receiver, It is essential that the horizontal p 

of the input-out characteristic of a limiter stage be flat, and it is 

that it extend to low values of input voltage. New developme 

limiter circuits will undoubtedly improve these two limiter prope . 
ull advantage cannot be taken of the benefits possible with the, 

band system unless sufficient gain is provided preceding the li 


that the input signal is always beyond the flat part of the curve. 
‘ Koomans, N., Single-side-band Telephony Applied to the adie Link bét . 


ihe Netherlands East Indies, Proc. 1.R.E., 26, 182-206, February, It A 
B.A. and N. F. Scnaack, A Single Side-band Shortwave Sygtet 
‘Trans-Alantic Telephony, Proc. I.R.E., 28, 701-718, July, 1935; Osw. 
Short-wave Single-side-band Radio Telephone System, Proc. I.R.E., 26, 

December, 1038. 
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CODE TRANSMISSION AND RECEPTION 
By Joun B. Moors, B.S." 


1, Radio communication, as distinguished from radio broadea 
of educational and entertainment programs, is carried on chiefly by m 
of some one of the recognized telegraph codes. Radiotelegraph sign 
are, therefore, made up of short and long periods of constant sign 
strength separated by idle periods of proper duration to correspond. 
the combinations of dots, dashes, and spaces comprising the chi 
of the code being used. ‘The design of the entire system must be 
that the lengths of the dots, dashes, and spaces in the signal suppli 
to the receiving operator are substantially the same as they were 
by the transmitting operator. In a simple system operated at slows 
no special difficulties are encountered in meeting this requirement. 
ent-day commer systems, however, which utilize remote control 
a central traffic office and which are operated at high keying spe 
se severe requirements on all the equipment used. 7 

. Standard Codes. In international communication the Internati 
Morse Code is used. Specially marked and accented letters such a8 
used in German, French, and the Scandinavian languages have sp 

h are used when working a station in the same coun 
or its possessions. When communicating with a foreign station, th 
letters are either replaced by a combination of unaccented letters or 
some cases the unaccented letter is transmitted alone. Some coun! 
such as Japan and Egypt having alphabets differing radically from 
Latin alphabet use special codes for working within the country or 
ships, Nationals of such countries desiring to transmit a message 
their own language to a foreign country must spell out the sounds of 
words in one of the languages using the Latin alphabet. 

8. Business Codes. Business concerns that have a lar olum 
telegraph communication use so-called five-letter or ten-letter 
Standard codes for such use are available and consist of groups of lett 
arranged alphabetically; each group standing for a complete sen' 
or part of a sentence. Special and private codes are also used, and 
concerns often have a department for the coding and decoding of 
telegraphic messages. 

4. Printing Telegraph Equipment. Vario es of printing system : 
in which the received signal is automatically printed in standard lett 
on a paper tape, are being employed on the higher grade radio cireti 
of the world. The trend is toward such automatic reception, as a sul 
stitute for manual transcription. 

Codes employed are the Standard International Morse Code, t 
Bie unit” Baudot Code, and the recently developed? “seven unit 
code. 


‘esearch receiving 
8. Patent 2,183, 


ysineer, R.C.A. Communications, Ine, 
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Besa) anes 
Spanish) ——-—— 
6 (German) eens * 


U German) --—— 


Aeneas ce 


Question mark, or request for 
‘repetiton of « transmission 


Parenthesis (before and after words) () —=—=—==— 


‘Underscore (before and after 
‘words or part of sentence)... ——— 


Equal sign... 
Understood — 


Cross or end-of-telgram or end- 
of-transmission signal _. —— 


Invitation to transmit... —==— 


Wait. 


Separation signal for transmission 
of fractional numbers (between 
the ordinary fraction and the 
whole number to be trans- 
mitted) and for groups con- 
sisting of figures and letters 
(between the figure-groups 
and the letter-groups)=—----—  ¢—=*s— 


Tic. 


1.—The Continental code, 
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‘The International Morse Code consists of dots and dashes, as depicte 
on page 576, ‘The Baudot Code is built up of all possible combinations 
of five consetutive and equal time intervals, numbered 1 to 5, into whi¢ 
the length of time allotted to the transmission of any code group i 
divided. The “seven unit” printer code divides the time allotted for 
transmission of any one code group into seven consecutive and equal tiny 
intervals. Only three of-these possible seven pulses are used for an 
code group or character. ‘The receiving equipment is so designed that. 
received group containing fewer or more than. three, puls ir 
intervals will cause a special “error sign” to be printed instead of aM 
incorrect letter or figure. 

5. Multiplex operation over a radio 
advantages from the viewpoint of the traf ingle operator 
keep traffic moving at 100 words per minute. ‘The radio cireuit, however 
is often capable of handling twice this speed or better. _Keonomical 
operation hen requires that two or more operators be assigne 
cireuit. _ Multiplex equipment permits doing this in the most expeditious 
and straightforward manner since cach operator then has a channel undet 
his complete control. This makes it possible to efficiently use suitable 
printing telegraph equipment—each such channel being handled by 
single operator at a speed of approximately 50 words per minute. ‘Thre 
such channels give a circuit capacity of 150 words per minute, with no 
complications stich as are experienced when such high-speed operation 
is attempted over a single-channel circuit employing tape transmissiol 
and reception. 

oakasio types of multiplex system have been employed. On 
utilizes two or more modulating frequencies, which are applied to th 
radio transmitter. The other employs the time-division principle. Thif 
latter is a more recent development, as applied to radio communication 
systems. Its chief advantage is that it can be applied to any radi 
telegraph cireuit which will properly handle the keying speeds require 
by the particular system and equipment. ‘Time-division multiple 
systems now in use on long-distance radio-telegraph circuits provide! 
total of two, three or four separate channels over the one radio ciret 

6. Character Formation. The unit used in code characters, and if 
figuring speeds of transmission, is the dot. Present practice, based of 
automatic transmitting equipment, is to speak of dots per second. Ol 
this basis the time required to transmit one dot includes the duratiol 
of the space separating the dot from the next element of the characte 
As the duration of the dot itself and of the following space are equi 
they constitute a cycle. Keying speeds are, therefore, commonly statet 
in dots, or (square) eyeles, per second. The equivalent time requi 
for the transmission of the other elements of the code are as follows: 
dash, two dots; space between letters, one dot; space between word 
three dots. Wor traffie purposes speeds are generally stated in words 
minute. The ratio of nose per minute to dots or eyeles per secon 
generally accepted as being 2.5:1 for usual commercial traftic, 100 word 
per minute being equivalent to 40 cycles keying frequency. 

Inthe Baudot code used for printing telegraph equipment, the duration 
of the character is divided into five equal periods. _ For any one of th 
periods either a marking, or a spacing (no current or reverse curtel 
impulse may be mitted, One impulse is required between lette 


ain very definit 
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and in the non‘synchronous type of equipment an additional impulse is 
required at the start of each character to set the receiving mechanism 
in motion. ‘The total number of elements per character is, then, either 
six or seven depending on the type of equipment used. The space 
petween words is a full-length character. ‘The code consists of a differ- 
ent combination of marking and spacing RUE for each character, 
there being a total of 32 possible combinations for the five periods utilized. 
For calculation of keying frequency the single period or element, which 
is the shortest impulse required to be transmitted, corresponds to the 
marking portion of a dot in the Morse Code. ‘This is one half cycle. 

non-synehronous printer equipment each letter requires, for its 
transmission, seven half cycles or three and one-half full cycles. On the 
basis of five letters per word and a space between words, the ratio of 
per minute to keying cycles per second is 2.86 to 1. ‘This is the 
figure realizable with automatic tape transmission. Where the impulses 
go directly from the keyboard-operated machine to the line, the dot 
speed will remain unchanged, but the number of words per minute that 
can be transmitted will be reduced on account of the unavoidable irregu- 
larities in the speed of the typist. 

7, Required Frequency Range. A square-wave shape such as a suc- 
cession of dots, where the value of the current or voltage rises instantly 
toa steady value at which it remains for one half cycle and then instantly 
drops to zero, can be analyzed into the fundamental and all of its odd 
harmonies. The equation of the voltage wave * 


4E( ae: 1 
= 22 (sin x +3 8in Be +5 sin be + + - - ) (vy) 


which holds for yalues of « between —x and +m. For most practical 
telegraphic purposes it is only necessary for the system to pass the funda- 
mental, third, and fifth in their proper intensity and phase, as terms of 
higher order do not add sufficiently to the fidelity to warrant building the 
equipment to handle them. ‘The frequeney range required by a sufficient 
humber of higher order harmonics to give appreciable improvement can 
often be used to better advantage for additional channe 
Tor any service where the received signal strength rises to the same 
Maximum value on every dot and dash, it is not necessary to pass even 
the third harmonic of the keying frequency. A system which will pass 
the second harmonic of the fundamental keying frequency is satisfactory. 
ving equipment can be adjusted to Operate at a fairly definite 

el on the building up and decaying of the current or voltage wave so 


ae give characters which are neither too heavy (long) nor too light 
fecorl) as compared to the spaces. However, in 2 system where the 
“esived signal may vary by 2:1 or more in intensity at fairly short and 


Heauent, intervals, it is necessary to have quite a steep rise and fall of 
me received signal at, make and break in order to obtain a constant 
whulght”’ of keying. ‘This applies particularly to automatic reception, 
ere tte signal operates a recording device either directly from ampli- 
i or through a relay of either the mechanical or vacuum-tube types. 
a ‘ural reception it is desirable to retain the harmonies of the keying 
it auency, as the signal then sounds cleaner cut and more definite, making 
®asier to read. 
sysigats of interference, in both the radio and the land-line portions of a 
™, are sometimes encountered where it is necessary slightly to round 


568 TUE RADIO ENGINEERING HANDBOOK [Sec 
off the sharp, square envelopes of the dots, in order to reduce or elimit 
the interference or cross talk caused by the too sudden rise and fall 
current, 

Where the exact effect of a given circuit on the shape of a square in 
wave is desired, the range of frequencies passed by the system must 
considered as a continuous band rather than dealing with only odd 
monies of the keying frequency. 

The usual modulation and side-band theory of radio telephony 
applied to code transmission by. considering the fundamental keyi 
frequency, and such of its harmonies as are passed, to modulate 
carrier 100 per cent. The total band width required to be passed 
the entire system is equal to twice the frequency of the highest harmot 
of the keying speed that it is desired to retain: (See Arts. 30 to 33 fi 
actual values.) 

8. Speeds Attainable. 


the two or tl 
50 words.per minute. 
150 words per minute. 

9. Fidelity of the mark-to-space ratio, while important at all sj 
requires special attention when automatic operation at speeds in ex 
of 100 words per minute is to be maintained. Where the duration 
the mark portion of a dot is only 4g see. or less, factors that are 
regarded at slow speeds become of primary importance, Autom 
transmitters, relays, and electrical cireuits should be fast enough so 
the signal supplied to the recording equipment will not be heavier #! 
60/40 or nye than 40/60 in mark-to-space ratio at the highest 9] 
used. At words per minute, which is not exceptional in present~ 
short-wave work, this means a variation of not more than 1.25 milli 
in the duration of a dot. While it is sometimes possible to compe 
for heavy or light keying characteristics by means of relay adjustm 
in another portion of the system, this should not be depended upon 
obtaining the desired over-all fideli Fach unit of the system shot 
be capable of giving the required fidelity at a speed in excess of the m 
mum operating speed, the margin required depending on the number 
elements in the over-all system and the fidelity of each. 

10. Checking the keying characteristics of porti 
entire, system is done by means of keying weds 
a single word over and over, or a succession of dots of 50/50 mark-t 
space ratio. For speeds up to about 100 words per minute the u: 
high-speed ink recorder can be used for checking character formati 
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‘See. 18) 

it atisfactorily. n 
quite sme form of ostilloscope or oscillograph m . . 
ia-voltage type of cathode-ray oscilloscope is admirably suited to this 
work where Shoko raphie records are often not required, Associated 
amplifiers must be better than the equipment, being tested. : 

11. Requirements for Facsimile. Faesimile service requires equip- 
mont capable of handling keying frequencies up to about 500 square dots 

r accond. ‘This speed is possible only on short-wave equipment, and 
poquires a band width of about 5,000 cycles. Tn the transmission of fac- 
Aimile half tones higher keying speeds may require a total band width of 
10,000 eyeles. 


For. accurate information, especially at, higher 
h must be used. ‘The 


"This system of facsimile is now practically obsolete. 


RADIOTELEGRAPHIC SERVICES 

Services. Code-communication channels and equipment can be 
classified, according to the type of service rendered by them, under 
the general headings of transoceanic, shorter distance point to point, 
ship to shore, aireraft, special mobile services, and military. 

2. Transoceanic (long-wave), long-distance communications were, 
prior to 1928, handled almost exclusively on frequencies ranging from 
about 14 to about 30 ke. Great-circle distances covered on such com- 
mercial circuits range from 2,000 to 5,000 miles, roughly. ‘To cover dis- 
tanees greater than this with commercial reliability requires so much 
power to be radiated from the transmitter that it becomes uneconomical. 


Approximate values of signal strength to be expected are caleulated froin 
the Austin-Cohen transmission formula 


5 iS iy el aes RS 
E= voll xe (2) 
0.0014) 
wy 
where HI = effective height times current for transmitting antenna in meter 


amperes 
A = wave longth in kilometers 

D. = groat-circle distance in kilometers, 5 

0 = ure of great circle between transmitter und receiver 


received field strength in microvolts per meter 
oF the slightly different expression 
: a V _ 377HI 
Bint = “yp e™ (3) 
whore 


Which is derived from data taken on the New York to London circuits at 

requencies ranging from 17 to 60 ke.! 

For successful Speciton 
atmos- 


‘Esvexscmep, Anpansoy, and Batury, Proc. I.R.E., February, 1926. 
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severe atmospheric disturbances such as “crashes” and “clicks” 
be from several to perhaps ten times as strong as a normally satisfacte 
signal. Field strengths obtained on transoceanie circuits range fro 
10 or less up to 250 wy per meter. A value of 20 is about the minim 
for satisfactory communication under average conditions. Mode 
high-powered transmitting stations have an antenna input power of fro 
40 to 500 kw with ba ratings up to some 130,000 meter-amp. 

14, Short Wave. During the last few years “short waves” hi 
assumed increasing importance in long-distance radio communication 
alltypes. Frequencies used range from about 4,000 to 23,000 ke, depen 
ing upon distance, season of year, time of day, and path trave 
Proper choice of frequency allows of reliable communication betwe 
any two points on the earth with transmitters of modern design. Po 
output of the equipment ranges from 1 to 40 kw. Owing to the extre 
variations in transmission conditions encountered at these frequene 
it is necessary to have available at least 10 kw output from the tra 
mitters for high-speed automatic operation over the longer distane 

ven with the maximum output of present transmitters and with dire 
tive antennas for both transmission and reception, communication 
slowed down or even stopped, at times, by severe disturbances in t1 
mission conditions. Normal field strengths obtained at the recei 


antennas range from 0.1 up to 100 uv per meter or more, depending @ 


transmitter radiation, path. and transmission conditions. ‘The mininn 
signal required for reliable commercial operation depends partly on 
noise level at the receiving point. Atmospheric disturbances (stati¢ 
while troublesome at times, are not so serious as in the case of lo 
waves, Fading requires the use of a greater signal-noise ratio on shd 
waves. Utilization of space, frequency, polarization, or time diversity 


antenna in signal-noise ratio as compared with a standard vertie 
doublet; (3) the noise equivalent of the receiver itself, 

15. Short Waves versus Long Waves. Advantages of short wa’ 
for transoceanic code communication are (1) lower first cost, of eq 
ment and antennas, (2) smaller power consumption, (3) higher key! 
speeds of which the equipment is capable, (4) less trouble from stinti 
(5) directive transmission, (6) greater distances covered with a re: 
able and practicable transmitter powé Disadvantages are (1) int 


ruption of service due to severe magnetic disturbances, (2) effects @ 


fading, (3) necessity of having several frequencies, a separate anten® 
being required for each, for 24-hr. service the year round, 
A Seer of long-wave operation are (1) freedom from interru 
of service by magnetic disturbances, (2) comparative reliability 
steadiness of signal strengths. Long-wave ares, alternators, and tube 
are used. Tube transmitters, only, are used for short-wave operatio 
18. Point-to-point communication for distances up to some 2,00 
miles is carried on at frequencies ranging from approximately 30 
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100 ke. ‘These stations are used for domestic service and also 

UP ‘o shorter international circuits. Certain bands in. the 6,000-. to 
98,000-ke portion of the spectrum are also used for these shorter cireuits. 
iypes of equipment used for 30- to 100-ke work include spark (obso- 
Jote), are, frequency multipliers, and tube transmitters. For short-wave 
operation, tube transmitters are used exclusively. $ ee 
17. Ship-to-shore and ship-to-ship communication is an entirely 
different class of service, in all respects, from point, to point. Exeept 
‘at the larger coastal stations and on a very few ships, transmission is 
entirely by hand and copying is by ear. This is because of the nature 


of the service; a coast station usually has not more than 10 to 20 messages 
for one p at a time, and vice versa. Automatic transmission and 
reception are used only when traffic on hand amounts to some 40 messages 
or mot The same operator generally handles both transmission and 


reception, which is not the case in point-to-point work, Owing to the 
great number of ships, and to the intermittent nature of their traffic, 
the marine frequency bands must be shared by all ships. ‘This ereates 
interference and traffic-handling problems that are not encountered in 
point-to-point work, A marine operator must be located at the receiviny 

equipment. Remote control is used only on the transmitters of coastal 
stations, the transmitting and receiving stations being separated by 


distances of up to 50 miles to permit of simultaneous transmission and 
reception. Bee 
Frequencies utilized lie within the 100- to 550-ke band; those around 


150 ke being used for long-distance work to the larger ships, while those 
from 400 to 550 ke are for shorter distance work, mainly to the smaller 
ships, and for distress calls (500 ke). Coastal stations using efficient 
5- lo 10-kw transmitters and directive reception can normally work ships 
about 1,500 miles and up to 3,000 miles under favorable conditions, at 
the lower frequencies, Operation in the 400- to 550-ke band is more 
varinble, a 5-kw transmitter having a normal daytime range of around 500 
les and a night range of several thousand under favorable conditions. 
park (obsolete), arc, and tube transmitters are used at the lower 
frequencies, On the higher frequencies tube sets are replacing the old 
spark equipment. ‘These operate either ew or iew as desired, ; 

Short waves have been coming into more and more use for the handling 
of ship-to-shore telegraph traffic and special services. ‘The chief advan- 
tage is the great distances that can be covered with a low-powered trans- 
Milter, as compared with conditions existing on the 500-ke and lower 
frequency marine bands. 


TRANSMITTING SYSTEMS AND EQUIPMENT 

18. The high-frequency alternator is one of the most used 8 
transmitter for long-wave transoceanie code communication. The 
leranderson alternator used in this country is a high-speed inductor-type 
Machine having a large number of poles so that frequencies up to 30 ke 
And higher may be obtained directly. ‘These machines have an output of 
kw and are driven by a 600-hp. two-phase induction motor through 
“set of gears to give the desired alternator speed. ‘The stator is built-in 
“ections to facilitate dismantling for repairs and maintenance and has 
Separate windings which are connected to separate windings on the 
“ntenna-input transformer. One winding is used to supply a tuned 
iteuit, the output of which is rectified and used for automatic speed 


pes of 
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control. Forced lubrication and water cooling are used on accor 
the high speed and relatively high losses as compared with comm 
power-frequency machinery. Such an alternator intended for ope 
at 27,200 cycles is driven at'a speed of 2,675 r.p.m., has 1,220 poles, 
requires a field current of 2 amp. at about 120 volts. 


Wt 
care 


Secondary 
Compensation 
Fic. 2.—Alexanderson alternator equipment. 


Running 


Contector 


Primary Compentohon 


Soturation Transformers 


To maintain the frequency constant to approximately 0.1 per 

and to have it the same under conditions of full load and acta 
load, elaborate compensating means are provided as shown om 
schematic diagram. Primary compensation saturation transfo! 
each have an a-c and a d-c winding so connected that the voltage at 
motor depends upon the impedance of these transformers which, in 

depends upon the value of current in the d-c winding. Connected to 


“06 16) 
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a master ro 
pensation 2 
ee speed with, the control key open oF close 

49. Method of Ke Keying the output is accomplished by means 
of» magnetic modulator which is a special transformer having an a-e 
ornding and a differentially connected d-c saturation winding. When the 
Montrol key is open, a relay closes this d-c circuit, and the resulting drop 
frimpedance of the a-c winding detunes the antenna and reduces the 
alternator output, voltage so that ractically no current circulates in 
the antenna circuit, For key closed, the d-c winding is deenergized and 
the antenna ci now becomes resonant tothe alternator frequency, 80 
that normal antenna current is obtained. Owing to the low frequency of 
the system and the low resistance of the antenna circuit, also on account of 
the large contactors required in the o mpensation circuits, keying speeds 
are limited to about 120 words per minute on long-wave transmitters, 

90, Goldschmidt Alternator. Another type of h-f machine that has 
heen used to some extent is the Goldschmidt alternator. The funda~ 
mental frequency generated is usually one-fourth of that desired. | ‘This 
is then changed successively to the second, third, and fourth multiples 

utilizing the e.m.f. generated in one winding by the rotating field due 
to current of the next lower order frequency which is flowing in the other 
winding. The heavy cireulating currents are obtained by tuning the 
respective windings, the output circuit being arranged to deliver energy 
to the antenna at the desired multiple frequency. The object of this 
method of obtaining radio frequencies is to use a comparatively lo 
Machine rather than to attempt direct generation at the 
quency, which requires the use of a high-speed machine hay 
number of poles. 

21, Static Frequency Multipliers. Present practice favors the use of 
Static frequency multipliers where it is desired to use an alternator of com- 
piratively low frequency. ‘Two general methods, both of which depend 
Upon the use of special transformers having d-c saturation windings, are 
employed. ‘The first utilizes either two or three transformers connected 

such a manner that the second or the third harmonic of the funda- 
Mental is in phase in the several output windings, The second may 
sUtilize but a single transformer, with a d-¢ saturation winding. The 
a winding is tuned to the desired harmonic frequency and ‘ives 
thergy by “shock excitation.” ‘This is aceomplished by s0 adjusting 
d-c and u-c supply currents that voltage is induced in the secondary 
Winding for only a small portion of a eyele of the supply frequency. In 
is manner hasmonios of the fifth, and higher, orders may be obtained. 
. Arc transmitters are used, to some extent, for long-wave trans- 
Seanie work, There have been two main objections, however, to the’ 
fone of such equipment. Most are transmitters emit two freque: 
fae for mark and the other for space. As there must: be a suff 
in Weney difference between these to allow of their being separated 
Gorn: he receiving equipment, one such transmitter really requires two 
eunicat ion channels for its operation. The other objection has been 
Most are sets emitted strong harmonics. ‘These can, however, be 


574 THE RADIO ENGINEERING HANDBOOK 


prevented from radiating strongly by proper shielding and the use 
properly arranged circuits for feeding the antenna. Elimination of 
space wave or “back wave” is rather difficult in transmitters of 
type, especially when the output may be as high as 1,000 kw in I 
installations. ‘The actual power output of the are cannot be keyed, 
the are, to be stable, must draw a fairly constant current while i 
tion. Keying is generally accomplished by changing the indue 
of the resonant circuit associated with the are, thereby changing 
frequency of the emitted wave. This is done by short-circuiting a 
turns that are coupled to the main tuning inductance, 

Methods have been proposed for shifting the output of the are 
dummy antenna, or absorbing circuit, for keying the actual 


recited ‘on but one frequency. Such methods have not come into 
eral use. 

‘The are is operated from a d-¢ source, usually motor generators, 
voltage of from 300 to 3,500 volts depen ng oe the ver rati 
It burns in an atmosphere rich in ro} ii 


the unit. wen, whicl 


Are transmitter. 


by gas or by the vaporization of some such liquid as alcohol which is, 
into the are chamber. For the efficient production of undamped 
tions the are must burn in a transverse magnetic field. ‘This is suy 
by a large electromagnet, the poles of which are respectively above 
below the are chamber and the coils of which are energized by passin 
are current through them. ‘The intensity of magnetic field aque 
optimum results is inversely proportional to wave length and also dey 
upon the material used to furnish the hydrogenous atmosphere in t! 
chamber. Values normally range from about 2 to 20 lopausscs 
water-cooled copper anode is with a carbon cathode which is 

tated by means of a motor while the are is in operation. A cut 
limiting resistor, normally used while striking the arc, is shorted out wl 
the are is running. 

23. Tube transmitters have been used but little at frequencies bet) 
14 and 30 ke for long-distance communication. Tubes to handle 
power required have not been available until quite recently 
meant that a number of tubes had to be operated in parallel in the 
amplifier stage. Such transmitters have rated outputs of from 40 
500 kw and are of the usual master-oscillator power-amplifier type. 

24. Long-wave antennas of the various familiar types such as the 
inverted L, and umbrella have been Masts for these struet 
have, in some eases, been as high as 1,000 ft. Ordinarily they range ff 
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t. high. The technical problem is to get 23 many amperes 
a oad great an tects height as oss ble with a given 
wer input. Voltages from antennas to ground may easily be 100 
y or more so that corona and insulation considerations place a limita~ 
‘on the design. Of the total power supplied to the antenna, the useful 
jon is that radiated. ‘The remainder is accounted for’by conductor 
Peron Si Tossps, leakage, and corona (if present), sind by loss in the 
esttance of the ground-retum path. In a structure where most. of 
the capacity is from the flat top to earth, and where the dimensions are 
considerably less than a wave length, the radiation resistance is given 
approximately by the relation R = 1,600(H*/2*), where H is the effective 
height of the antenna and > the length of the radiated wave. Approxi- 
tate calculation of H is possible in simple cases by summing, up the 
products HJ for all sections of the structure and dividing by the total 
current. ‘This is done by calculating the capacities to earth of the various 
‘section d by measurement of the total value. Experimental methods 
of determining the capacity from small-size models are described by 
Lindenblad and Brown.' 


Flat Top Supported by Six Towers 


axeae 


Fra. 4.—Multiple-tuned antenna, 


25. The multiple-tuned antenna, consists of a long, flat top supported 
by towers and having down-leads at a number of points which pass 

hrough tuning inductances to earth. ‘The total antenna current. is 
the sum of all the currents measured at the base of the tuning coils. 
A system of buried wires and overhead conductors connected to them 
through current-equalizing coils is laid out to give a uniform distribution 
of current in the earth under the antenna, ‘This is approximately the 
‘This uniform distribution is 


Points. 

26. Removal of Ice. In climates where sleet is experienced the 
Antenna wires should be counterweighted, rather than solidly anchored, 
in order to lessen the chances of breakage. A heavy coating of sleet on 

© wires, with the attendant increase in sag, throws the antenna out 


tune as well as endangering it mechanically. When this becomes 


1pigXPexouan, N., and W. W. Buows, Main Consideration in Antenna Design, Proc 
VR... June, 1926. 


To Contactor 
Coils 


| 


Fie. 5.—Marine coastal transmitter. 
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sorious, it is necessary to melt the sleet from the wires in order to get 
normal antenna current, For this purpose break insulators and by-pass 
ensers are so arranged in the antenna wires: that a series circuit of 
‘all (or part) of the wires is obtained at the low power supply frequency. 
Special transformers supply power at about 2,000 volts for the purpose, 
fs is sent through the antenna conduetors just long enough to heat 
thom sufficiently,to melt off the sleet or ice. 
‘97, Marine Transmitters. For marine work, tube transmitters are 
roplacing the older spark ‘and are equipment. The radiated energy is 


tenfined more to a single frequency, which is essential for reducing 


interference; and systems for simultaneous transmission and reception, 
for break-in operation, and for remote control are much more easily built 
up by the use of tube transmitters. With a well-filtered plate supply 
the beat note obtained by use of a heterodyne or autodyne receiver 1s 


fairly pure, and its pitch can be —geying 
Relay 


changed at will by the receiving 500% AC. 
operator to suit conditions, For Fa) ‘Supply 
attracting the attention of ships 290 
standing by on a calling wave 
or for working ships not equipper 
for heterodyne reception, the = 
radiated energy ean be modu- [ 3 
lated at an a-f rate. ; 
Transmitters for coastal sta - 
tions usually have an output, of oes 
from 5 to 10 y.. An air-cooled 
I-kw tube functions as master 
oscillator and drives the 10-kw 
power-amplifier tube, which is 
of the water-cooled type. Plate oohon 
supply is obtained from a full- TCR 
Wave kenotron rectifier, the out- AC.from 
es of eh is nee to some Dynamotor 
xtent. Bias voltages are nor- jr, G,—Essentinl cireuit of i-c-w marine 
mally obtained froma small rec-. '¢-0coittur with nce plate supply. 
> “to. aluciuata “ua much transmitter with a-e plate supply. 
rotating machinery as possible. Filament supply is a.c, from step-down 
transformers. Because of the nature of the service, interruptions due 
40 equipment trouble must be reduced to a minimum. For this reason 
two power-amplifier tubes are mounted so that either one can be used. 
Cooling water systems are provided in duplicate and equipped with pres- 
Sure- or flow-operated relays which will shut down the transmitter in case 
of water failure. In some cases it is advisable to locate the antenna. at 
4 distance from the transmitter proper. A two-wire transmission line 
used for this purpose, being matched to the power-amplifier and 
‘ntenna-cireuit impedances at its ends by means of air-core transformers. 
‘o make the transmitter instantly available, the tube filaments are 
Operated at reduced voltage, with plate supply off, when not in actual 
He, The “starting” relay operates contactors which apply full vol 
tL © filaments and close the low-voltage cireuit to the plate-supply 
‘ansformers. For remote control, the starting and keying relays can 
Lae erated from a single line by using double-current keying with a 
Polar “keying” relay and a neutral line relay with weighted armature for 
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“starting.” ‘The 500 ~ source, for production of iew, may also be 


operated. Wave change can be arranged by relay-operated contacto 


which change aie on the taning inductances, these contactors 
operated by a polar relay controlled from the operator's table. 


28. Transmitters for shipboard use are generally of smaller power ou 
put than are those for coastal stations. Cost and space requiremi 


are also important factors which must be kept down. ‘The usual eq 
ment is, therefore, more simple and compact than that treated abo) 


‘The master-oscillator power-amplifier arrangement. with d-c plate suppl 


or a.c, at a frequency of 350 cycles, meets the requirements very wel 
the intermediate frequency bands. ‘The master oscillator holds the 
quency steady regardless of changes in antenna capacity due to rollir 
of the ship, and the elimination of a separate rectifier saves space, 


fedium power tubes require abor 
tae 2,000-volt supply. Change of wi 
is accomplished by chan, taps: 
the tuning inductances. Choice 
S several frequencies in the band 
‘Low Power Stoge provided by means of a multi 
or Doubler switch creed from the front 
the panel. The normal power 
ply mains being d.c., a motor gi 
erator is required to furnish 
plate-supply voltage. Another m 
L____ Chine may furnish’ a.c, for the fil 
ments. On small transmitters 
factory keying can he effected in 
low-voltage a-c plate supply b 
Fie. 7.—Tube keyer for transmitter. pare ied controlled Frama 
29. Short-wave Technique. Channel spacings resulting from the 
greater demand for frequency and channel assignments, in the range.f 
approximately 3,000 to 23,000 ke, require ever greater stability of 
frequency of emitted carrier waves. Government regulations, based 
international agreements, are yearly becoming more severe. ‘To mai 
a tolerance of plus or minus 0.01 per cent— min h is what can be expects 
of a good short-wave transmitter—requires the use of either a ¥! 
carefully stabilized and compensated tube oscillator or of some conth 
device such as a quartz crystal. Crystal control has found most favor # 
this country to date. 
Commercial short-wave code transi 


| Heying Tube 


+ 


Plate Supply 


ate troublesome feedback effects witho 
ft Water-cooled triodes used in the final 
amplifier must be employed in a balanced stage with proper neutralizal 
of feedback through the tube capacities. The tank circuit of the po’ 


space permits, a high-voltage d-c generator is used for plate supp 
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‘amplifier is coupled either directly, or through a transmi: 


antenna. 
ihe high- 


ion line, to 


raphic operation the voltage regulation of all 
must be good. If poor regulation exists, the 
shape of the characters will be triangular or irregular, instead 
 (Asmall amount of lag may be introduced intentionally, 
corners in order to eliminate trouble from 
For this reason. hot-cathode mer- 


peed tel 


ate und bias supplie 
envelope 


ich supplies the antenna and the other a resistance load, Keying is 
oo olished by shifting the load from the main amplifier to the absorb- 
ing tube by biasing the amplifier ee below cutoff and bringing the 
absorbing tube grid’ bias up to such a value that the load drawn from 
plate supply is the same as when the amplifier is supplying energy 


fothe antenna. For receiving systems which rely partly upon frequency 


ed from the 


diversity of fading, it is desirable to modulate the wave rad thi 
transmitter at an'n.f. of something under 1,000 cycles per second. ‘To 
Prevent interferenee with signals on adjacent channels, this modulation 
should be reasonably free of harmonies. Otherwise, the higher order 
side bands will extend over into the adjacent channels and cause 
Interference. 


RECEIVING SYSTEMS AND EQUIPMENT 

80. Long-wave Receivers. Long-wave receiving equipment must be 

‘igned to reduce trouble from static to a minimum and to separate 

Uansinittors differing in frequency by only about 200 cycles, which is the 

‘of assigned channe The use of four efficient 

ties the required selectivity together with moderate 

For commereial work it has been the practice, to 

n aperiodic amplifier, then to go to a 

vne detector of either the single-tube or b: odulator 

‘Pe which is followed by as much a-f amplifieation as is required. The 

lectivity may, if necessary, be obtained by the use of narrow 

#1 band-pass filters.’ For complete separation of signals on adjacent 

nels this is often necessary. Owing to the difficulty of obtaining 

plete shielding at these comparatively low radio frequencies, it is 

rally advisable to use astatie pairs of coils in all tuned circuits, 

Ghublers, oscillators, ete., in addition to the use of a reasonable amount of 

fielding. “Transformers and couplers are built with electrostatic shields 
£0 prevent capacity coupling, where this is undesirable 

f MA multiples ving station, where it may be necessary to receive 

mm. 10 to 20 signals from approximately the same direction, a single 

Periodic ant tem is the most economical and practical. ‘The 

vidual receivers are fed by means of “coupling tubes” operated from 

™mmon, or from individual, antenna-output transformers. All tuning 
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is done beyond these coupling tubes so that operation of the indivi 
receivers is entirely independent of all others. 

31. Directional Antennas. Reduction of static is accomplished by 
use of directive-antenna systems. Arrays of large loops, or of loop 
vertical combinations, are one means of obtaining directivity. W 
the nature of the soil is such as to produce a considerable ti 
front, the Beverage wave antenna is used to advantage. c 
consists of one or two wires strung on poles at a height of about 2 
and extending in the direction of the desired signal for a distance 
approximately one wave length. The antenna is highly directi 
and small signal voltages obtained from stations to the rear can 
compensated for by feeding into the signal circuit a small volt 
proper amplitude and phase obtained from the damping resis 
connected between antenna and ground, or by setting up reflecti 
in the antenna itself. 

‘As keying speeds on long-wave transoceanie circuits seldom es 
100 words per minute (40 eycles per second) and signal strengths 


“Artificial Line 


ally 
AaB 
Fia. 8,—Wave antenna and output cireuits, 
steady, such a channel requires only a total band width of about 
cycles. Frequency variations of the transmitters can be kept wil 
about 0.1 per cent or 20 cycles in 20,000, and heterodyne oscillators 
for reception should have as good stability. 

32. to-shore Receivers. Receiving equipment for ship-to 
service must cover the frequency range of 500 down to 14 ke in ord 
operate in the regular marine bands and also to receive broadcasts 
time signals from high-powered long-wave stations. Receivers 
shipboard use are of the ecco type embodying a tuned antenna: 
cuit coupled to the oscillating detector, which latter has a “tickler co 
for regeneration control and generally two stages of a-f amplification, 
means of mapped inductances the receiver may tune from about 1 
down to 60 ke. For the lower frequencies a set of loading induet 
is used. ‘The chief requirements are ease of operation and rapidity” 
tuning. Regeneration contro! allows the receiver to be 0) rated 0 
ing for ew reception or non-oscillating for reception of spark, iewy 
modulated signals. Provi is made for disconnecting the receiver 
the antenna when transmi 

Important coastal stations have separate receivers to cover the lo 
and higher frequency marine bands of approximately 115 to 171 ke 
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"gis to 500 ke, respectively. Such receivers should have but a single 


in ‘trol and, to obtain the required selectivity, should be of the 
tuning coniyne type. An Ff oscillator, which ean be used at, will by 
Aire erator, must be provided for ew reception. ‘The over-all selectivity 
ghould be such that a total band width of not more than 1 ke is passed at 
ant peak response. : j ; 
4 ay loue-wave reception, reduction of static and interference is 
‘gecomplished by the use of directive antennas. For the lower frequency 
band the Beverage wave antenna has the een of relatively large 
pickup; good dis ‘ity with compensation, and the ability to supply 
Perunber of receivers operating at the same or different: frequencies. 
Whore reception from all directions is required and for the higher fre- 
quency bands where the wave antenna is unsuitable for night reception, 
titennas of the flat top, inverted L, T, vertical, or loop types are 
fmployed. The loop and vertical com- 
bination, giving a cardioid directive 
diagram, can be arranged with crossed 
and a goniometer so that the 
‘operator can rotate his antenna recep- 
lion diagram at will. 
33. Short-wave receiving equipment, 
ac rect sat of commercial saitio; 
ph signals, comprises two gene 
=" viz., (a) point to point and (b) 
bile. : 


Crossed Loops 


Fic. 9.—Loop-vertical antenna 


total band width for directive reception. 


an_attenua’ 


ch that it will pro- 
of at least 60 db i 
At the frequencies of the channels adjacent to that on which reer 

n is being carried on. In calculating selectivity requirements, the 
Assigned channel pening must be 


juced by twice the frequency 
erance -permitt on each channel. This gives the frequency 
Spacing between two signals on adjacent channels, when the fre- 
(sed of the two soe ate a drifted ik oe other. 
ection against all other types of interference, such as those encoun- 
superheterodyne receivers, should be not less than 70 db. | At 
the same time, the useful band width must be sufficiently great, so that 
*N0 undue amount of attention will be required to keep signals fairly well 
entered in the pass band of the receiver. With present-day stability of 
mitter frequencies, and of receivers, this means a useful band width 

from 1 to 4 ke depending upon the carrier frequeney. 
resent-day receivers, to provide the required performance, are gen 
{mally of the multiple-detection, or superheterodyne, type in which one or 
fag, {systems are employed. ° It is only by the use of relatively low 
fal if. that the necessary selectivity and useful band widths ean be 
tained. "The required 1-1 characteristies are obtained by use of either 
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a band-pass filter or a number of stages of amplification employin; 
or more tuned transformers per stage. Choice of more than one b 
width in the i-f system is highly desirable and often necessary. 

In equipment used for high-speed automatic operation, the si 
amplified, beat down to a lower frequency, and then rectified. 
rectified Output, consisting of short and long pulses of d.c., is used 

rate a relay of either the electromechanical or yacuum-tube 
The former operates into a simplex, duplexed, or q 
graph line to the central traflic office. 
controls the signal fed to the tone line from a local a- 
receiving operator is thus supplied with an audio signal of co 
frequency and intensity regardless of any changes in the actual 
signal which are not great enough to make it drop out of the ree 
By means of a-f filters six or more keyed tones of this sort may be hand 
over a single, two-wire tone line. 

To minimize the effects of fading, receiving equipment. is ai 
to take advantage of the diversity of fading existing, at a given ins 
cither on slightly different frequencies at the same location or on thes 


Cpe te Pcie 
Mes 
wr ||% 
Toline 
Audio 
Frequency 1” 
Fi. 10.—Tone keyer for receivers. 


Source” #2501 

frequency at points separated 10 wave lengths or more apart. 
quency diversity, in practice, is most economically obtained by modull 
ing the carrier with an a.f, of not higher than 1,000 eps, and preferals 
of not higher than 500 cps, in order to minimize interference» to signals 
adjacent channels. This results in radiation on the carrier and. ot 
upper and a lower frequeney. If the band width of the receiver 
sufficient to pass these three frequencies and if the normat signal stre 
on any one of these frequencies 1s sufficient to operate the keying devia 
considerable diverse fading on the several frequencies received can 
tolerated. In spite of the fact that a lesser peak voltage can be obtail 
from a modulated signgl than from a pure ew signal, considerab 
improvement is obtained, under pelts conditions of fading, by 
use. Where space diversity is utilized, a pure, unmodulated signal is 
be preferred. In this case two or three separate receivers are fed fro 
separate directive antennas spaced 10 wave lengths or more apart 
rectified outputs from these receivers are combined and made to op 
the keying dev: Confining the radiated energy to a single frequen 
means greater signal strength for a given transmitter power, an 
bination after rectification eliminates the consideration of instantaneol 
phase relations which might be such as to cancel rather than add. 

34. Use of Limiting Circuits. Under conditions of high signal 
ratio and violent fading, the use of considerable limiting in the rece 
equipment is desirable. This should be done following the final 
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in a system haying small enough time constants so 
deen y transients occurring after each overload do not ooompy 
‘eciable portion of the interval between characters. In order to 
eee nGng sucessfully, it is essential, as stated before, to pass up 
Hout the fifth harmonic of the keying frequeney. If this is not done, 
to toot Aions in mark /space ratio of the final signal will occur as the 
ve of limiting varies with the signal strength. Apa 
haracter formation can be maintained, in some cases of over! opts ! 
mus, by the'use of a so-called “sliding bias” on the rectifier. | ‘The 
I may be amplified up to some 20 or 40 volts maximum value and 
ied to the grid circuit of a rectifier tube which begins to take Ca 
hizent at a relatively low applied signal voltage. By proper choice 
grid- and plate-circuit resistors, and the use of a cenderser across the 
‘tLcircuit resistor to give a relatively large time constant, only the tops 
Of the character envelopes will be effective. In using such a system, 
however, reliance must be placéd upon some form of diversity reception 
to prevent drop-outs, and splitting of characters, due to rapid fading. 
Freer aretice has been to use some system of automatically con- 
trolling the gain (A.G.C.) of the r-f amplifier stages. The circuits are 
similar to those used in broadeast receivers and are superior to ae 
which operate on the final detectors, because they minimize overloading 
i and \-i amplifiers and first detectors. 2, 
26. Commercial Receiving-center Problems. In a large receiving 
station for long-distance communication there may be from 10 to 100 
individual rezeivers installed and intended for simultaneous operation, 
To do this requires that each unit be effectively shielded and that all 
Hattery-supply leads be well filtered for the frequencies at which the 
Tespective units operate. High-frequeney equipment must also be 
ected from |-f voltages which might be present cn the battery supply 
“s, as such voltages may cause undesirable modulation of signals if 
allowed to get to the tube circuits. ‘Transmission lines, where usec pee 
be of a type which has negligible stray pickup and radiation. _ Satis as 
tory types of line, depending upon the equipment with which it is to 2] 
used, are (a) the balanced four-wire line, (b) the two-wire transpos 
ine, and (c) the concentric-pipe line. The first consists of four wires 
Arranged at the corners of an imaginary square, diagonally opposite v 5 
boing connected together at both ends of the line. | The four-wire and 
two-wire. types are used where the system is to be kept balanced w # h 
Mspect to carth. Antenna syste hich operate against earth generally 
tHe the eoncentric-pipe ch the outer pipe is grounded. he 
two types ‘of systems are sometimes connected ‘together by means o} 
SMitable tuned transformers. ° 
To obtain the full benefits of good shielding; stray feedbac through 
the battery-supply leads must be eliminated by means of properly pro- 
tioned, and located, filter cireuits. ‘This is of especial importance 
+1 short-wave equipment and in medium-wave equipment for marine 
Soustal station use. 5 ’ 
Power supply for commercial receiving equipment must be abso- 
ble and not subject to interruption. " Storage batteries oper. 
her a floating or a charge and discharge basis are used for thi 


Tutely ‘re 
ted on eit 
ic 

Charging equipment consists of motor-generator sets for filament 
batteries, where relatively heavy currents are required, and either motor 
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generators or rectifiers for batteries of smaller rating such as used 
plate and bias supply here receiving antennas may be located fi 
close to the building that houses the charging equipment, this must. 
located in a specially shielded room to prevent direct rndiation into 
antennas. Equipment-used for floating batteries that are in service m 
nS provided with effective filtering between it and the battery and Io 
NB. 34 
Where the nature of the radio service does not warrant the expense 
installing and maintaining storage batteries, reliance may have to 
laced on the continuity and reliability of a-c power service provi 
y the local power company. In such cases the most economical 
flexible arrangement for a small station is to provide each receiver 
its own filament transformer and its own plate and bias supply rectifie 
An emergeney power supply should be provided in all cases of 
operated equipment. Where storage batteries are installed for suppl 
the receivers during power failures, additional emergency power supp 
may or may not be necessary. In some cases the cheapest arran, 


may be a battery installation that will take care of normal short-p 
outages and an emergency power plant to care for longer periods 
failure of the public power service. 


CONTROL METHODS AND EQUIPMENT 

87. Central Office. In commercial radiotclegraphie systems thet 
mitters are controlled from a central traffie office, and received si 
are conveyed to this central office from the receiving station by lar 
lines, ‘Transmitting and receiving stations are, in some cases, as mi 
as 500 miles distant from the central office. ‘The tendency, howev 
is to keep this distance below 100 miles to reduce initial and maintenay 
costs, or rentals, of land lines. Long control and tone lines are j 
only if a distant location of the transmitter will effect a consi 
saving in the power required to obtain satisfactory service, or 
distant receiving site is considerably superior to near-by ones in 
noise ratio. In long-wave transoceanic and medium-wave marine W 
the use of long land lines is often well worth while. In short-wave ¥ 
the over-all results are not so dependent upon geographical loca 
Buitable sites are generally available within 100 miles of the city to! 
served. 

38, Automatic Transmitters. In “automatic” operation of 
circuits a tough paper tape is perforated by means of a machine 
has a keyboard similar to that of standard typewriters. This tap 
then fed through the “automatic transmitter” in which two cam-operdl 
steel rods come up dgainst the tape at every point where a perfo 
might exist. Where one is, the rod 


operated by a lever on the lower end of the rod is closed, These 


rods controlling the “make” and “break’”’ contacts alternate in comil 
offset in the direction of trave 


ageing’ the tape and are sufficientl; 
of the tape so that perforations in the upper (make) and lower (bt 
rows, when opposite the same center hole, give a dot and when opp 
adjacent center holes give a dash. (Sample tape appears below 


goes on through, and a conta 


‘Sec. 16) CODE TRANSMISSION AND RECEPTION ‘585 
ve ets supply current, in opposite directions, to-a polar 
pte ich ‘a pas pee “the control circuit going to the transmitting 
ey eee gr speeds much above 100 words per minute it is desirable 
fat as few mechanteal relays as possible between this main polar 
vd the keying circuit of the radio transmitter. The time requir 
rolny malay armature (0 travel from one contact to the other, while short, 
ames important when the duration of a dot is less than 0.010 sec, 
veprinting telegaph equipment employs a special model of automatic 
{ape transmitter, which is adapted to the different code used for sue! 
fn installati iplex equi ving the prineiple of time 
installations of multiplex equipment employing the pri f 
divsion, automatic tape tranamitters supplying the several a ae 
tynchronized and phased to give the required over-all performance of the 
multiplex system, n peer 
4 -control Circuits. Where only ‘a few transmitter t 
oP ital from one point, dc double-current keying i8 the most eco- 


onic and satisfactory. A complete metallic cireuit is to be preferred 
: Contacts of 
At: 
er Rear? 
oct ae ny eater Toline 


La i 
+R 
Fra. 11.—Double-current control circuits, 


to « single wire with ground return, although the latter is entirely satis- 
factory in many cases. 4 1 
In 4 large central-office system the number of control lines required 
ean be greatly reduced by the use of multiplex tone, or Roles renee 
carrier,” control, By the use of a number of different frequencies an 
band-pass filters at both ends of the circuit as many as 10 channels can 
« obtained on a two-wire line which will pass frequencies from about 
400 cycles up to 2,500 cycles with approximately equal stvemuation: 
1 one such type of equipment the a-f supply is a multifrequency ie ae 
N-type alternator having a separate winding and rotor for each, 2a 
Mency. Knergy from this machine is keyed by means of either 
electromechanical or vacuum-tube relays which are controlled by the 
“utomatic tape transmitter and supply current to the control line. 
*Band-pass filters in the individual control channels reduce the harmonic 
“ontent of the signal supplied to the line to a low value and also round 
Off the corners of the square keying envelopes. 
he band width required in ‘filters for tone-control work depends (1) 
Hon the maximum keying speed which must be handled and (2) upon 
the fidelity of envelope shape required for the particular application. 
here great fidelity is not required or where the over-all transmission 
Sain of line and associated equipment does not vary more than about 


(eov- 
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20 per cent, it is sufficient to pass the second harmonic of the 


frequency. 'This means a total band width of four times the ke 


frequency. ‘To obtain fairly square envelope shape, with a mark. 
space ratio of about 60:40, it is necessary to pass up to the third harmo 
or a total band of six times the keying frequency, at least. 


h-speed relays of the polarized 
must be used, Large k 


u ying 
compensation relays and contacte 


c thers: 
controlled by the line relay ora h 
ier intermediate rela: 


Equipment 


ee ae) 
RF Filter 


Fra, 12.—Spark absorber and click higher keving speeds are possible 
filter. require the use of a minimum nut 
ber of mechanical relays. For d 
control the main-line relay may operate directly into a tube key. 
incorporated in the transmitte 


In tone-control systems the equipment at the transmitting sta 


comprises band-pass filters und amplifier-reetifier units, The reeti 
output may be used to operate either electromechanical relays or 


keyers, here such equipment is used at large high-powered transmi 


ting stations, it may hi to be protected from stray fields of the t 
mitters, transmission lines, and antennas. ‘The amount and disposi 
of shielding and filtering required by 
wiring depend on numerous factors suel 
frequency radio transmitter 
frequency planned, (3) r-f field intensities, 
and voltages. It will be obvious that power long-wave 
mitter operating on a frequency of about 20 ke will ereate serious probler 
where it is desired to employ control channels ranging in frequency fr 
say, 400 to 20,000 eps or higher. 7 
‘ube keyers, while more elaborate than the usual mechanical rel 
are capable of operating at practically any speed desired. ‘They 
eliminate relay maintenance and adjustment, In the simpler arrat 


ments the control tone is amplified, rectified by either a two-clement 0 
a three-element tube rectifier, then passed through a smoothing eircul 


or low-pass filtet The d-c pulses thus obtained are applied to the con! 
elements of the keying-stage tube or tubes. 


41. Received Signal Transfer. Systems for transferring signals from 


the receiving station to the central office are similar to the transmit 
control systems. In short-wave work the actual radio signal, 
heterodyne detection, is amplified and rectified and applied to 
keyer. This may be arranged to supply d.c., or tone, for transfer to 
traffic office. Audio-frequency filters, of the same type used for 
control, allow a number of channels to be handled over one line. 


— especially short-wave equipment 


4) level of control sign 
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ines are long enough to require the use of one or more 
ae poe ae be taken that the sum of the voltages of all eee 
Pot high enough to cause any overloading of the repeaters. If this 
fakes place, intermodulation between channels will be caused, whic 
taviitin mutilated signals at the central office, With repeateréd Tines, 
re ve sal band-piss filters it is exsential that all channels be kept 
aad sproximately the same signal level. A maximum difference of 2: 
en any two' channels should not be exceeded. Large differences 
in channel levels are apt to cause interference on the weaker ones. ean 
; In medium-wave and short-wave recelsii stations the contacts of al 
telograph keys and relays must be prevented from sparking, and the Aaa 
to and from the contacts must be properly filtered. If these precautions 
vo aot taken, serious elick interference will be experienced in the receiving 


Ink Feed to Fen 
} Pendrm Stops 


Fig, 13.—Ink recorder. Paper tape and tape guide not shown. 


wipment. ‘The same applies to commutator-type electric motors. 
rouit breakers should preferably be located in a shielded room. 


TRANSCRIBING METHODS AND EQUIPMENT é 
42, High-speed Reception. As the average operator copies at a rate 
of only aout 40 words por minute, aural reception must be replaced by 
ome method in whieh a record is made of the signal, on the high-speed 
titcuits, the recorded signal then being copied off at a slow cen by 
ne or more operators. ‘The older dictaphone and photographie methods 
tecording were not entirely satisfactory. Most systems now use sae 
form of “ink recorder” in which the movement of a pen is controll 


‘ 


~ by the incoming signal and makes short and long characters on a moving 


ook, tape. 
Reception by tape has the double advantage of speed and of there 
boing a reeord to which the operator may refer or which may be looked 
later in case estion arises. *; y 
. Tak Recorder. One commonly used type of ink recorder consists 
Of a small coil suspended in a strong unidirectional magnetic field sup; 
Plied by an electromagnet. ‘The signal is amplified and rectified an 
the de pulses sent through the recorder coil which, in turn, moves 
Pen arm up against an upper stop. With no signal current flowing, tl 1 
Pen is held against the lawer stop by the spring of the pen arm and coi 
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suspension. To improve the action of the device at high speeds, the 
is suspended midway between the stops, and eurrent reversals are 
place of pulsating dce., to operate the coil. ‘This is obtained from a 
changing relay operated by the rectified signal, or from a special am) 


rectifier unit which gives an output d.c. in opposite directions for “ 
and “space.” 


$I 
be: Set te A SAM PLE 


44. Printers. Where printing telegraph. equipment, is, em 
manual transcription of the incoming signal is eliminated. ‘The pi 
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AIRCRAFT RADIO 
tape coming from the receiving machine is simpl; ted on mi 
blanks. "Errors may. bo eo ted ‘by obtaining the required oorred By Harry Dramonp! 
rom the distant lio terminal, an ‘ing it over the original wi 4 a 
contained the error. Bee si 1. Importance of Radio Communication to Aircraft. ‘The success of 
‘any transportation system depends in a large measure upon the rigorous 
maintenance of safe, scheduled operation. Probably nothing has con- 
tributed more to the safety and reliability of transportation systems 
than the associated communication systems. Radiotelegraph, radio- 
telephone, the radio beacon, and, the radio direction finder have been 
important elements to such safety in both sea and air transportation. 
dio serves as a communication means between airplanes and between 
airplane and ground. It furnishes the pilot with weather inform: 
tolls him when he is on or off his course, helps him to land under conditi 
of ope visibility, and is beginning to be of value in preventing collision 
with other planes or with fixed objects. It provides the operations office 
continuous contact with each aircraft in flight and thereby affords full 
control of all flight operations to conform with existing meteorological 
conditions and traffic requirements. For the airport traffie manager it 
furnishes a rapid and certain means for communicating with arriving or 
arting airplanes and directing their landings or take-offs in a safe and 
orderl: uence. “For the weather man it serves as a useful tool in the 
led in making his forecasts. 
Aviation radio facilities 
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tion of the U. 8. Weather Bureau which maintains a large num 

eather stations at the airports and at points off the airways. 
tically all these stations are on the weather teletype network, 
teletype lines interconnecting the airways traffic-control offices forn 
separate network to facilitate the control of some 20,000 military, eo 
mercial, and private airplanes flying the airways. 


On July 1, 1940, there were approximately 28,000 miles of lighted a 


ways in the United States, practically all of which were radio equipp 
Some 27,000 miles of teletype were in use in the weather 
10,000 miles in the traffie control network. ‘The radio faci 
nearly 250 radio range beacons with voic 
these stations, 50 I-f radio marker beacons at strategic points on 
airways, 180 u-h-f cone markers for giving positive indication of 
location of the beacon stations, and 115 fan-type markers for defini 
control points along the airways at which arriving airplanes are kept: 
various altitudes), while awaiting permission to land durin; 
visibility conditions. Ten radio-landing installations were in the oe 
of completion to afford service tests under actual airway condifl 
2. The air transport companies have adopted and installed two- 
communication equipment at approximately 200-mile intervals along 
airways of the nation and in aL their airplanes, ‘This system perm 
continuous contact between the offices of each company and their airer 
in flight, thereby allowing flight operations to be controlled accordi 
existing weather conditions and traffic requirements. The tra 


companies also operate teletype circuits and point-to-point radio stati 
which provide the rapid communication between operating offices wl Ini 


is essential to the successful operation of high-speed passenger, mail, 
express service. The facilities of the different air transport comp 


com 
must provide the additional facilities which are necessary for the guidam 
of their aircraft. 

8. Airport operators provide as standard airport equipment 
range two-way communication equipment used in directing from a cont 
point all take-off and landing maneuvers of transport, military, a 
private airplanes, Voice communication with arriving’ and departi 
airplanes within a 25-mile radius is essential to the safe and efficl 
operation of a busy airport. 

8, Military Radio Facilities. ‘The communication and navigatio 
requirements of military aireraft are naturally considerably differ 
than for civil airerait. Here, the emphasis is on mobility and flexibi 
of both the ground station and aireraft equipment. Operation is requil 
over geographical areas rather than along fixed routes, Simplicity 
radio equipment, is paramount whereas the service conditions are | 
erally more diffieult. The research work carried on by the mili 
agencies to secure suitable equipment and methods exerts great influel 
on the state of the art. The military radio developments are of partie 


applicability to civil air transport operation on routes outside the United 


States, as to South America or in the transoceanic service. 
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‘pant I.—Rapio Frequencies ww Civie AVIATION 


Bervive Prosent setup 


Proposed u-t-f setup 


phone eather | 200-400 ke (49 
erent ad tudio | elusive frequencies) 
on 


range be: 


Airport traffic control — | 278 ke 


2,000-8,500 ke (nigh! 


y communi 


id ( 
virplane and | 4,1006,600 ke (day) 
and jee om frequencies) 
ional e: and work-| 3,105, 3,120 ke (night), 6,2 
Tastes int RFOUP: | 
Run or* bea~ 


‘on® 
Landing beam* 


Radio marker beacon® | 75.000 Me 


Tadio teletype 


ion instruction 
group 


‘Transport _ company | 2,700-18,000 ke (28 fre~ 


point to point | -auencies) 
‘aviation 


proven 
altimeter, 
others 


red, 9 ex 


20,000 Me (31 ex= 
r 1205 
000-127.000 Me (10 shared 
frequencies) 


20,300, 120.780, 130.300, 
10.800, 181.420, 131,480 
Me 


1), | 140,240-143.880 Me (28 fre- 
‘36 cies) 


10 140.100 Me 


| 
109.500, 109.900, 110.300 Me 
93.500, 93,900, 04.300 Me 


5.000 Me 
.| 60.180-65.860 Me (45 fre- 
quencies) 

93.420-29.060 Me (4 fre- 
| “quencies) 


Froquency requirements at 
present unknown 


*400-Ke guard banda, 
4, Radio Frequencies in Civil, Aviation. 


The radio frequencies used 


for ‘the various mdio aids are indicated in Table I. Exeept, for the 
instrument landing and radio marker bexcon groups, service at the time 


Of writing has been largely in the lower frequen 


cy ranges. ‘The radio- 


Aelephone weather broadcast stations and the radio range beacons operate 
th the 200- to 400-ke band. Airport traffic-control transmitters operate 
At 278 ke, ‘The air transport company communication systems use 

encies from 2,900 to 6,600 ke. _ However, it is now planned to move 


the diff 


ent facilities into the u-h-f region, as shown in the table. By 


5 use of the lower frequencies will probably be limited only to such 


“service as cannot be afforded at ultra-hig 
titing the move are as follows: 
{mhoxpheric disturbances arising from 
tuted & service limitation to reception in 
Somewhat lesser degree in the 2,900- to 6, 
isturbance, ealled precipitation static und 


*Meeption at these frequencies. 


h frequencies. The reasons 


electrical storms have eon- 
the 200- to 400-ke hand and 
600-ke band. Another form 
of importance only in aireralt 


i ; tance only in aireraft 
eption, constitutes a second, and often even more serious, limitation 
hese Hreauencies.”wPhis form of disturbance has been found 
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ee. 171 


to accompany rain, snow, and even sand storms and appears to be cau time propagation at these frequencies is given in Figs. 3 to 5, based on data 
by oscillating corona discharge from points on the airplane fuselage to __ daytia by Bell Telephone Laboratories in 1929. 

surrounding atmosphere. Its intensity is often sufficient to paralyze _ obisiny these graphs it is seen that the higher frequency appours to be best 
ground-to-airplane. services. Accumulated experience indicates juited to daytime operation. | This has been borne out in praotical operation 
reception on ultra-high frequencies is practically free from atmosph go that the daytime working frequencies throughout the country are of this 
disturbances and is to an appreciable extent, less influenced by precip oe. jlar graphs for transmission during night, showing field strength as ° 
Monlscatis es funotion of distance, are given in Fig. 6. Lis even more difficult to generalize 

A second advantage of u-h-f propagation is the freedom from de favetthese xraphs than for the case of daytime transmission, the movement of 
ence upon ionospheric conditions. In the present communication the ionized layer involved being more erratic. ‘The graphs do sh 
such dependence results in severely fluctuating received signal intensi {lat the lower frequencies are more reliable for nighttime transmission, the 
and renders these frequencies generally unsuitable for direction de transmission on 5,690 ke being unsatisfactory due to excessive fading. 
mination by either transmission or reception. Even in the beacon bat 
ionosphere ppreeoe (at night) tends to prove troublesome. It 
be noted, however, that u-h-f propagation is not entirely free 
wae eos owing Pease areceDber bend ng. cee 

third advantage of the ultra highs is the greater directivity 4 
mission or reception possible. ‘This is important, e.g. in the radio ram Carve Lolneereg aelane | 
beacon servi At low frequencies the only directive patterns av: 200) 8. o=2x10"* 
are the figure of eight and the cardiod, In forming a course with 4 Tonospheri: ray ~ 
patterns, considerable radiation exists in directions at large angles to 
course. ‘The return of such radiation to the course, eg., by reradiati 
or by reflection from mountain sides, produces an interference 
which results in bent and multiple courses. The possibility o! 
more directive patterns at ultra-high frequencies offers means for red 
the side radiations and hence the troublesome effects di bed. 

Finally, the rapidly expanding aviation radio facilities require 
increasing number of r-f channels which are not available in the port 
of the spectrum hitherto utilized. 

5. Propagation Characteristics of Aviation Radio Frequencies. 
eause of the widely different radio frequencies used in aviation, a comp 
discussion of their propagation charact would require a volut 
re few words on their more general characteristics will, however, be gi 
here, 
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Microvolts per meter 


far = | 


‘3 100 200 300 400 500 600 700 
Miles 


io. 1.—Fiold-intensity attenuation of 600-watt radio range-beacon station 
at 200 ke, 125-ft. towers. 

paren eae al sPerionce has shown that the choice of day’ and night communication 
tolerable interferin, Mencies, shown in Table I, was a wise one considering the non-avail- 
type operatin of _-Sbihty of ultra-high frequencies at that time. : 

other at 200 kk n ; i he u-h-f services depend upon ground-wave propagation. The 
600 to 800 .. The allowable spacing corresponding to operation § f ind wave may be considered to consist of three components as follows: 
adjacent frequencies (3-ke separation) depends ‘on the selectivit ) the direct wave which travels directly between the transmitting and 


ry ol 
average receiver used and varies from 200 to 400 miles depending on i s ‘hi 5 
ground conductivity and the operating frequency. ine antennas, (2) the ground-reflected wave which reaches the 


Radio wave propagation in the h-f communication band depends el ititac, ©, sttenna only. after reflection from the ground surface, (8) the 
on sky-wave eee rorurned to earth from the ionized layers. The g When oun he which is the Cprtedis of Be | ieee Rae R rasa | 
wave is generally of negligible importance beyond distances of about 30 mill 8 both the transmitting and receiving antennas are at zero heigh 
‘The transmission characteristics are therefore dependent upon highly vanaBI@ Sing incidence, the reflection coefficient of the ground is —1 so that the 
phenomena and eannot be definitely specified. An approximate idea of And ground-reflected waves cancel. 
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Fic. 5.—Biffect of frequency Fra. 6, —Night transmission phenomena. 
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ield-intensity attention of 500-watt radio range-beacon stati 
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- wragrontal transmitting and receiving antennas at altitudes designated on 
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In Fig. 7 horizontal polarization is considered, and average el 


properties of the ground are 


the spherical sya of the earth and the average decrease in diel 
lower atmosphere with altitude (producing bene 


constant of the 
The graphs show the strikin, 


upon the heights of the transmitting and receiving antennas. It is. 
feature which renders ultra-high frequencies peculiarly adaptable to 


tion use. 


GROUND-STATION EQUIPMENT 
6. CAA Radio Range-beacon and Weather-broadcast Stations 


to 400 kc). The most mod 


locations, employs a transmitter having two independent r-f ch; 


controlled by two matched 
plete stand-by equipment 


8.—(2) Space radiation pattern of simultancous radio range-beacon lash, or continuous monotone signal, interrupted every 24 sec. 
weather-broadeast station; (b) range-beacon signals produced. Hstion identification signal. The course signals are obtained along zones, 
a 


it in service in event of failure of the regular unit is provided. it ad A sign: 
antenna system comprises five self-supporting base-insulated ste tho side “off course.” The pilot is thus enabled to return to the course 
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cycles. ombination band-; band-rejection filter is used in the 
i circuit of the aireraft receiver so that one cireuit carries only the 

‘utp acon (1,020-cyele) signals and the other eireuit earries the speech 
Js. By means of a switch the pilot may select one or the other 
J, or he may obtain TOA: satisfactory reception of, both. 

7 four eorner towers replace the two-loop antenna systems, crossed 
‘at right angles, which are used at older-type radio range-beacon stations. 
They constitute two directional antenna systems, each formed by two 
oppsite towers on diagonal corners of the square. ‘These are fed in 

ite phase so that they correspond to the vertical conductors of the 
“Beker ivop antennas and give the same figure-of-cight radiation eharac- 
‘gtics in the horizontal plane (see Fig. 8b). In this way radiation is 


taken. The graphs take into consider 


dependence of the received field int 


Hern CAA, installation, used at nearly tonfined to the vertical antennas, and the transmission of horizontally 
jg Re are “polarized electric-field components in the sky wave, such as from the 
4 rs quartz plates 1,020 eps apart. izontal of the leop antennas, are avoided. With the loop 
ith an automatic. tranafer relay for pl antennas these transverse horizontal components upon reflection. from 


‘tho ionized layers produce serious and erratic errors in the indicated 
‘Deacon courses, often called night errors because they occur only at night 
~ in the frequency range used. 


nciples of operation of the radio range beacon whereby radio-marked 

8b. The intensities of the side-band 

hence of the 

ith the non- 

which bisect 

therefore follow, a 

course along the bisectors referred inguishing the 

‘Tadiations from the two directional purpose an automatic 

> keying relay, connected in the coupling circuit from th and channel of 

transmitter to the directional antenna system, is used for keying the radio 
Power to one of the directional antennas in accordance with 

teristic N(—.) and to the second directional antenna in accordance 

~ With the Morse characteristic A(.—). The coded signals are sent out in 

tnd are interlocked so <hat along any one of the four courses they form 

5 


‘Off the course the monotone signals break up into the com= 
als, one or tho other being of greater intensity depending 


125 ft. high, four of which are placed on the corners of a square Tatirplane should drift to one side or the other for any reasor 


500 ft. on a side and the fifth at the geometrical center of the incor 

One of the r-f channels of the transmitter delivers 400 watts of 

power (whic! Dae be modulated 70 per cent by speech) to the 
n 


antenna. The ot 


coupling aystem between the transmitter and the directional antennas 
porates tho link-cireuit relay, a goniometer, a course-shifting pad, 


cin! line «octions, concentric transmission lines to the tower antennas, and 
tonne coupling and tuning equipment (see Fig. 9). ‘The relay, of the polar 


er delivers 275 watts of unmodulated carrier po! type, ‘sized by an automatic motor-driven keying device (not shown) 


a coupling system which feeds the four corner antennas, In the al Ms to key the r-f power to the primary windi 'P; nad Pa of the goniometer 
of speech modulation, the setup forms a single side-band system ha} Accordance with the N-A sequence indicated in the foregoing. 


1,020-cyele modulation; the 


central radiator, whereas the side band has the characteristic radi the beacon 

of the radio range beacon (see Fig. 8a). When special modulati it 
applied, the central tower radiates, in addition, the speech side Also th, 
which are also non-directional. trie, 


‘The system affords means 
broadeasts and dit 


carrier is radiated non-directionally by. 7. Goniometer. ‘The goniometer is used for convenience in orienting 


rn pattern and consists of two primary and two secondary 
windings. ‘The primary windings are crossed at 90 deg., as are 
¢ secondary windings, the two sets of w: is being made coneen- 
One set of w dings is fixed and the other set rotatable about the 
le 
a 


for the simultaneous radiat on axis. ‘The angle between the primary and secondary windings 


therefore be varied at will. pi vinding, acting in con- 
‘ Hinetion with the two erossed secondary windings and the two crossed 
tional antennas, sets up 2 system which is electrically equivalent to 
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a single directional antenna, The plane of this. phantom anti 
dependent upon the relative coupling of the secondary coils to the p 
coil under consideration. Since there are two primary windings, two. 
phantom antennas exist, the angle between their planes being eq) 
‘the angle between the primary windings. The two phantom an| 
may therefore be rotated in space (thas changing the position ‘of 
equisignal zones or courses formed by their space patterns) by cl 
the relative position between the primary and secondary wil 
Without the ise of the goniometer it would be necessary mechanic: 
rotate the directional antenna system to secure the same result. 
ractice, the rotation of the beacon space pattern is convenient in 
irst adjustment of the beacon, the goniometer being locked in posit 
after this adjustment. Actually, other conditions (to be dise 


Antenna tuning units =... 


jTransmission |i 


i ae 
Artificial lines” 


Fre. 9.—Schematie diagram of radio range-beacon antenna-coupling 


dictate that the antenna orientation be chosen so that the gonior 
may be left, preferably, at its 45-deg. setting. 

8. Course Orientation to Coincide with cwaya at Arbitrary 
Lhe course-shifting pad and the artificial + line ns Ay, As, Aa, 
A, are used for shifting the range-beacon courses from their 90-deg. 
tionship in order that they may be aligned with the airways. 

hift reduces the r-f power fed to goniometer pril 

winding P;, thereby reducing the relative amplitude of the corres 
figure-of-eight radiation pattern. The resultant effect on the 
orientation is shown in Fig. 10a. The artificial line sections 
modification of the 180-deg. phase relationship between the current 
the two towers forming each directional antenna (1 and 3 or 2 and 
so that the space pattern corresponding to the N or A radiation may 
made to depart from a figure of eight. This provides for a non-reei 
relationship of the normally 1 leg. courses, as shown in Fig. 106. 

9. Course Stabilization. Special precautions are taken to 
maintenance of the space patterns so that shifting of the courses will 
exceed 1.5 deg., owing to the changes in phase or magnitude of the cut 


_ and 
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or more of the towers which may be produced by changes in tower 
inomcty under varying weather conditions, ete. 
the two towers of each directional antenna may be 
Te can be shown vauriy cxact equality of current amplitude and 180-deg. 
\° fhe condensers in series with the primary windings of the anten 
phase jig transformers are adjusted so that 
i; X = Zo tan @ 


(where X: = pri ce (with the secondary antenna circuit open) 
4 = Primaeratie wpedanee of tne transinasion tine ; 
‘p = electrical length of the line to each antenna (including the artifi- 
‘This cial line sectcning the transmission line to resonance. Tho 
is ivalent puning, 7 
TMs juation is affected somewhat if other than  180-deg, phase relationship 


@ 6) : 
Fro. 10.—Alignment of range-beacon courses with the airways: (a) courso 
squeezing; (b) course bending. 


~ between the two towers is desired. Attenuation in the transmission lines 


and resistance in the primary transformer windings also affect the degree of 
ization. 
ith the goni r set at zero degree (S: coupled only to P; and S: to 
in Tig. 9) this stabilizing arrangement would. still allow the relative 
fagnituce of one radiation pattern corresponding to one pair of towers ta 
Vary with respect to the second pattern corresponding to the second pair of 
. This is because of the possibility of an effective change in the load 
impedance offered to the transmitter and is overcome by setting the goniom= 
Ster at 45 deg. so that both secondary windings of the goniometer are coup! 
“dually to each primary winding. 


10. Ultra-high-frequency Two-course Beacon with Visual Indication 


Sector Identification. The space patterns of a radio range beacon 
Which is undergoing service tests on the airways for u-h-f operation is 
n in Fig, 11... ‘This arrangement, incorporates several features which 
esent-day knowledge and advanced flying technique have indicated as 
desirable. 5 5 
Only two useful courses are provided (by the intersection of the full. 
line patterns), as compared to four courses in the case of the present 1+ 
ns, ‘This simplification materially reduces the orientation 
Problems which the pilot is frequently called upon to solve under freon 
Sanditions. For éxample, when near the station during strong Winey 
With the four-course beacon, the pilot may drift into an N or A qu: a Ey 
experience difficulty in determining which N or A quadrant he 


Bee. a7) 


‘an clomont is shown in Fig. 12 and is equivalent to a horizontal loop 
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in and in which direction to fly to get on the desired 
w directic ) sired on 

courses. The orientation problems with the two-cource, col 
further simplified by the sector identific 
dash-line patterns shown in Fig. 11. 
ete ats and west, si criterion for determi 
west leg of the beacon is being followed consists 
the PT'E or PTW identification si 3 


antenn  oF w.h.f. does not reduce the number of frequency channels 


nired for & national network of range beacons, as might at first appear 

fn comparison with the Lf network. The reason for this is that the 
‘ultra-modern air liner flying in the substratosphere may use every ond, 
third, or even fourth range beacon and thus will be interfered 
‘nediate stations unless they operate on 


ith by 


11. Low-frequency Marker Beacons. 
‘These stations, located at intervals along the 


particular locality along the airway, such as an 
intern 


in the clevation of the toy ography. For the 

former, transmitters capable of transmitting 4 |t 
alternately on the two frequencies of the adja~ d a r 
gent radio range beacons are employed, while. Fra. 12.—-Ultra-high- 
for the | transmitters frequency loop-antenna 


‘ ir A clement for use in an- 
are used, Each marker beacon station has & {enna arrays producing 
characteristic identifying signal. Its range is jorizontally polarized 
Timited to 5 to 10 miles so that it may effectively waves. : 
localize the point desired. ; wae 
The second purpose filled by marker beacons is one of directional 
guidance as well at marking of locality. Radio marker beacons of this 
* ype are miniature radio range beacons. ‘These are located either at 
points along the airways so as to fill in gaps between the more powerful 
tadio range beacons or at intermediate landing fields to enable pilots to 
locate the landing areas during adverse weather conditions. ‘In these 
applications they are hardly to Be distinguished from radio range beacons 
or runway localizing beacons, respectively, and their number varies as 
the facilities along the airways are modernized, 
12. Ultra-high-frequency Cone Markers. ‘There exists approximately 
tly ovor the lef type radio range beacon 2 small zone of zero signal 
talled ‘the cone of silence, This zone arises from a combination of the 
directive properties of the beacon-transmitting antenna system and. the 
Teeciving antenna on the airplane and has been used extensively by pilots 
for obtaining a definite “fix” over the station. Because of the essentially 
Negative nature of the indication and because of the possibility of obtain- 
Ing false indications caused by momentary equipment failures, radio 
_ tinsmission vagaries, ete., a cone-type marker beacon is now used. at 
[atgs-beacon stations to provide positive identification of the station 
ion, 
+ jhe cone marker consists of a 5-watt 75-Me crystal-controlled trans- 
Mitter, modulated 100 per cent at_ 3,000 eps and feeding a directive 
me array which produces a conical lobe of energy radiated upward. 
tadiation pattern in the vertical plane is shown in Fig. 13, The 
rizontal-plane radiation pattern is non-directional, #.e., circular. 
Fig ¢,intenna system for obtaining the desired patterns is shown in 
ae la. It is installed one-fourth wave length above a coarse (3- by 
N.) mesh sereen which in turn is erected approximately one-half wave 


¥ia. 11.—Visual two-course range beacon with aural sector identifica 


are equal and the pointor remains at ze1 es Z it 
1 A nero, the “on-course”” posi 
When the airplane doviates, sty, Lo the 15D-cyele site of the eon 
9 jorreppondiog roouiieg signal becomes greater and the pointer det 
sector of the instrument marked 150 cy Wis i i 
afforded a continuous rie poatunar oh the ote 


‘ator, since an on-course indication may 
mail Intensity is zero. 


than vertically polariz 
becsuse reradiation 
Tenee 
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length above ground. The screen counterpois provcee an effc 
level reflector for the antenna, yet allows snow to fall through and yi 
tion to grow beneath. 

The antenna and counterpoi: 
located at sufficient distance 
the central beacon tower to 
fae! distortion, r-f power 
od from the transmitter (locati 
the station house) by means 
parallel-conductor transmission. 
The latter consists of two 
seamless copper pipes spaced 
apart and supported centrally 
3- by 3in, copper shield. A 
matching stub, connected at an 
propriate point at the antenna 
of the transmission line (not si 
eliminates standing waves along 
ini 

The vertical radiation patt 
obiales by the urna Te i 
tion between the antenna am 
4000-200 Station 7000 4000 counterpoise, coupled with the di 
Fro. 13.—Vertical-plane radiation pag 

pattern of cone-type marker. re 


pote. The non-dii 


” 
Transmission ‘ 
ine ‘Shorting bar 
(a) 


te Sedntenna -->1<-Downleads--><- Yo Antenna 


| KX | 
kash 7 North 


“Transmission line 


() 


Fic. 14.—Details of antenna system for cone-type marker: (a) method 


feeding; (6) detail of 10-deg. phasing. 


tenna system 90 deg. out of phase with the north-south radiati 


elements (see Fig. 14a). ‘This is accomplished by making the dimé 


gee. 37] 
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jon X of the transmission lines connecting antennas north and 

Hs gaether and south and west together exactly one-fourth wave length 
ast toffusting dimension ¥ so that the currents in the north and east 
unt mits avo i phase quadrature and likewise the currents in the south 
Hote vuat antennts, Figure 14b, which shows the north and east antennas 
jn «straight line with their respective down-leads, will clarify the prin- 
tiples involved. 

"The transmitt 


is constructed in duplicate and ‘includes, in addition, 
monitor unit, ‘The latter functions to disconnect the regular channel in 
event of its failure to deliver a predetermined power output and starts 
9 the stand-by channel, connecting it to the transmission line in place 


ie: \ 
eds Z 
Mo, 15,—Vertical-plane radiation patterns of fan-ty marker: (a) in 


plane tranaversg to range-beacon course; (b) in plane parallel to range-beacon 
rs, 


6f and at airports. ‘The pilot follows a flight plan Seared by the air 
}Ays Craffic control officer until he reaches a control point marking the 
Binning of the airport control zone. Up to this point, the airways 
Sontrol officer has kept track of the pilot’s position throughout the flight 
“(ia the periodic contacts between the airplane and the ground stations of 
© air transport companies, CAA facilities, ete.) and may alter the flight 

# to conform with traffic requirements or meteorological conditions. 
ring good visibility conditions, the pilot reaching this control point 
fomminicates with the airport control officer for landing instructions and 
pntomatically passes out of the control jurisdiction of the airways control 

cer, 


Durin, verse visibili 
until ig adverse visibilit; 


nnditions, the latter retains control authority 
the airplane comes into visual contact with the airport control 


titt. Depending on traffic conditions, he may order the pilot to circle 
the. Specified altitude above the control point until other airplanes effect 


landings. 
I 
desing 


ither ease there is seen to be a need for a radio aid which may 
the control points, generally about 25 miles from the airport 
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on each of the airways. The fan-type marker beacon serves 
8c. 

‘The fan marker consists of a 100-watt 75-Me erystal-controlled t1 
mitter feeding a directive antenna an ‘The setup produces a sh 
energy radiated upward and transverse to the range-beacon course. T 
transmitter is in duplicate, as in the ease of the cone marker, with pro 
sion for putting the stand-by unit in operation in event of a predetérmi: 
change m performance of the regular unit. A modulation frequem 
8,000 cps is used with distinctive keying to serve for identification. 

Useful radiation Js up to about 20,000 ft. At 7,000 ft. the 
tion is about 18 miles wide and 4 miles thick. Although it appears 

nt precision of position indication is afforded by considering 
entering point of the radiated field, some consideration has been given’ 
easing the definition by setting up crossed patterns. 

The antenna system used for obtaining the pattern shown in Fig, 
consists of four horizontal half-wave antennas located in line along 

nge-beacon course and fed in phase by a trans nm line from 
transmitter house. The antennas are placed one-fourth wave len 
above a coarse-mesh screen counterpoise which, in turn, is approxim: 
one-half wave length above ground. The details of the transmis 
line and of the counterpoise are substantially the same as for the co 
type marker. 

14. Ground-station Equipment for Two-way Communication Sy: 

‘To date, two-way communication between ground and airplan 

out by the domestic air transport companies has been chi 

band, 2,999 to 6,600 ke. {Experimental use of u.h.f. is in prog 
Communication is by voice hecause of the greater speed of operation; 
use of radiotelegraphy is largely confined to companies operating out 
the United States. ‘The radio equipment u: at the fixed termi 
of a typical two-way radiotelephone system has reached a remarl 
degree of refinement to meet the particularly exacting requiremen 
encountered in this service. q 

‘The transmitter must be capable of operation on any one of a group. 
frequencies, with facilities for rapid change-over to any other freq 
in the group. ‘This is necessai each transport route has a day a 
night frequency for communication with aircraft and also sepa 
frequencies for pore sonoat communication. Moreover, when 
ground station is Y 
game company, provision must be made for communication on eith 
the day or the night frequency corresponding to each route. Es 
frequeney channel is erystal controlled, the frequency being held const 
to within 0,025 per cent. Approximately 400 watts of r-f power on 
frequency is required in the antenna to effect reliable communicatil 
over the desired distance range; some ground-station transmitters 
up to 8 kw. 

‘The re ng equipment must be highly selective because of the ma 
channels that must be accommodated within the comparatively nat 
band of frequencies allocated to this service, stations at the samie ai 
operated by different transport lines being frequently less than 1 per cet 
apart. Extremely high sensitivity coupled with excellent a.v.c. 
required to provide substantially constant output under the vai 


transmission characteristics which usually obtain in this frequent 


range and because of the varying distance between the aircraft 


located at the junction of several routes operated by tf 


7 


See. 171 AIRCRAFT RADIO 605 


nd. Provisions for remote operation must be made since, in order to 
Eecure freedom from man-made interference, the receiving equipment. is 
Frequently located as much as 30 miles distant from the operating staff. 
Ground-station Transmitter. Typical of the advanced type of 
transmitting equipment required for this service is the Western Electric 
14 transmitter. This transmitter proses erystal-controlled tele~ 

fe, continuous wave, or tone telegraph transmission on any one of 10 

a nency chanpels within the range of 2 to 18.1 Me. It employs a 


| oscillator; two intermediate buffer-amplifier stages which function 
fither as amplifiers or doublers, depending upon the frequency used; 
fr modulating amplifier preceded by two audio stages; and a power ampli- 
fer. ach frequency has its own quartz plate and a set of interstage and 
output coils, Tho set is so arranged that any one of the frequencies 
y be selected, by single-digit operation of a telephone dial, 
within about 1 see. ‘The transmitter ean be operated with push-button, 
telegraph-key, or voice-operated carrier control. The carrier is sup- 
od gutomatically during unwanted periods. Provision is made for 
femote frequency selection and starting and stopping of the carrier. A 
set of throe sitaple vertical antennas approximately 15, 30, and 60 ft, 
high may be used to cover the entire range, cr any combination of 
directional and non-directional antennas. The transmitter is a-c oper- 
ated, requiring approximately a 4-kva 220-volt three-phase supply. In 
setup of this type of equipment by the Eastern Air Lines, Inc., on the 
New York to Atlanta route, these transmitters provide telephone ground- 
fo-airplane communication, telephone point to point, continuous-wave 
telegraph point to point, and RCA facsimile point to point for the 
ion of long weather sequences and long routine company busi- 

On the telephone point to point, provisions are made for the use 
tern Flectrie speech inverters so that the conversations may be of a 


jenerally. 
ol of the 


‘ice. 


One type of remote-controlled receiver incorporates a Codan “‘carrier- 
PPerated device, antinoise” which keeps the receiver silent while in stand-by 
tion and feeds the loud-speaker only when a modulated carrier is being 
fugeived on its preselected frequency. This device operates reliably under 
noise conditions and does not require adjustments to compensate for 
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variations in the noise level. This receiver is arranged for mounting 
weatherproof cabinets which may be fastened to the same telephone p 
which supports the receiving antenna and is provided with an emergen 
battery Dayss ea Bly, system which is automatically connected to the rece) 
in the event of failure of the normal a-c power supply. The set has a se 
tivity of 1 wv to give 50-mw output. The a.v.c. will hold the output ley 
constant within 4 db for a variation in input voltage of 100 db. Cutoff 
audio frequencies below 200 and above 3,000 eps is provided to reduce 
Its selectivity is such that an interfering modulated carrier 10 ke away 
per cent modulation at 400 eps) must be 20 db above the desired carrier 
to produce an interfering voltage 20 db below the desired signal voltage. 


17. Radio Facilities at a Modern Airport. A brief tabulation of 


the various radio aids and facilities available at a modern airport 
serve to emphasize the paportene rt radio has in aviation. 
facilities at La Guardia Field, New York City, are taken for example 


1. CAA Radio Room. Teletype facilities for collecting weather infor 
tion. Remote control equipment for operating radio-range beacon 
telephone transmitters and for making weather broadcasts, Receivers 
maintaining watch on national calling frequencies. 

2. Air Transport Company Communications Systems, Transmitters 
remote-controlled receivers operated by each of five air-line companies 
two-way communication with aircraft and for point-to-point communicatio 
Direct communication facilities with CAA radio room and with airways: 
airport control offices. Private telotype system. 

3. Marker Beacons. Cone-type marker beacon at radio range-beae 
station. Fan-type marker beacons at control points on each of the fo 
incoming airways. 

4. Radio Landing Aids. Your-way instrument landing facilities providi 
for landing in either direction along the airport's two longest runways. 
direction utilizes an u-h-f runway localizing beacon, 4 landing beam, 
two fan-type low-approach marker beacons. (A complete description 
radio landing aids is given in Art. 30.) 

5. Airways Control Office. Teletype facilities for collecting information 
airways traffic conditions, Direet communication with CAA radio room, 
transport company dispatchers, and airport control tower for colles 
information on airway's traffic conditions and for directing traffic (thro 
CAA, company’s and airport radio-facilities). 

6. Airport Control Tower. Remote-controlled airport _radiotelepho 
transmitter (with complete emergency stand-by unit) for directing airp 
traffic. Remote and direct-controlled receivers for standing watch 
national calling frequencies, air transport companies’ two-way commun 
tion frequencies, U. 5. Army frequencies, and others, At the time of wri 
15 remote-controlled receivers are used, 13 for maintaining a watch on 
following frequencies and 2 in reserve. Three multifrequency direct-0o 
trolled receivers provide stand-by emergency facilities. 


Frequency, Kilocycles Service 
3,105, Itinerant aircraft 
U.S. Army 


American Airlines 


« Eastern Air Lines 
: Pan American Airways 


+ Transcontinental & Western Air 
United Air Lines 
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AIRPLANE RADIO INSTALLATION 

18, Special Requirements and Installation Practice. Because of the 

inl nature of the installation of radio equipment, aboard aircraft, 

ial mechanical, electrical, and aerodynamic requirements are imposed. 
Pfability and simplicity of operation are essential. ‘The equipment 
must be constructed to withstand continued vibration and landing shock 
without change in performance and must operate under all conditions of 
weather encountered in flight, Space and weight must be kept down to a 
Iminimum, The equipment must be capable of quick removal from the 
airplane for servicing or replacement. Simple but complete remote 
control of the equipment, meluding frequency change-over, ete., 
tential An adequate, ‘efficient power. supply i required. ‘The 
antennas must be of sound aerodynamic design. Special precautions are 
needed in eliminating various electrical disturbances arising on the 

lane. 

9. Airplane Antennas. An aircraft antenna: must have a good effec~ 
tive height, must be of sound aerodynamic design, and must be con- 
venient to use under varying air-transport operation conditions. ‘The 
trailing wire fulfills the first requirement but fails to meet the second and 

lird requirements. It is still used+in modified form in some modern 
installations for transmission, because of its efficiency and comparatively 
greater freedom from ice formation. A typical fixed transmitting 
antenna consists of a mast approximately 6-ft. high, mounted above.the 
fuselage and with flat-top wires extending toward the wing tips and the 
veruical rudder post. In larger ships this form may be modified to 
produce a front to rear, wing tip to wing tip, or V antenna. ‘The mast 
Tay constitute the lead-in, in which case it is insulated from the fuselage. 

ngths of antennas range from 30 to 75 ft, depending upon the antenna 
form and the size of the airplane. 

A whip antenna extending 4 to 6 ft. vertically above the fuselage has 
ctive height of about 1 meter, sufficient for use with sensitive 
Pee E i indication on the radio range beacon are 
introduced unless the receiving antenna on the airplane is entirely non- 
n This restriction limits the antenna configuration to either 

Vertical-pole antennas or to a vertical antenna with flat-top loading, 
flat-top elements of which are so arranged that their horizontal effects 

Meutralize each other. The symmetrical, longitudinal, or transverse T 

Antennas with vertical lead-in are examples of the latter type. The V 

tenna, mounted well forward below the fuselage with its apex leading 
4nd the lead-in connected to this point, is another antenna of this type; 
+ ©Ontrol of the angle of the V provides for a symmetrical antenna and 
*Counterpoise system. Considerable use is made in practice of a single 
Wis, inclined backward and upward toward the vertical rudder post. 
foath this arrangement the directional errors are utilized to compensate 
‘or the tendency of a pilot to weave about the beacon course. 
a Antennas for transmitting and receiving at u.h.f. may consist of half- 
ton’ .tipoles, generally horizontal, with conventional transmission-line 
upling. The beacon receiving antenna may be of the form shown in 
ite jp.2 Mounted well above the fuselage and forward so that it will retain 

free-space characteristics. e 
i, Aircraft Power Equipment. Five determining factors enter into 

© choice of the power system to be adopted: (1) reliability, (2) weight, 
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(8) availability when the main power plant of the airplane is crippled, 
electrical performance, and (5) maintenance required during so 
Several distinct types of power-supply systems are available, 
receiving-set power requirements are satisfactorily provided by the 
bination of the 12-volt battery and dynamotor plate supply. ‘The trs 
mittingect. plate-cupply tequirements, ‘being considerably: 1a 

led to the development of a number of different ‘arrangeme 
‘These include dynamotors driven from the aircraft storage battery, 
plane-engine-driven generators, wind-driven generators (now practice 
obsolete), and auxiliary gasoline-engine-driven generators. In comp 
ing these systems, consideration must be given to the ever-increas 
electrical load requirements on a modern transport airplane other fl 
radio power mate! These include lighting, motor starters, motors 
operating adjustable pitch propellers, retractable landing gear, flaps, 
and oil pumps, remote-controlled switches and solenoids, et 


The most. widely applied system utilizes a 14-volt d-c charging gener 


tor, driven from an airplane engine and provided with a voltage regulat 
Bt to maintain substantially constant generator voltage for all-possil 
airplane-engine speeds. The generator charges the 12-volt’ airplh 
storage battery, which in turn drives the necessary dynamotots 
obtaining receiver and transmitter ph te power supply. Some of 
larger transport airplanes use a dual battery and generator system, 
battery being of nominal 65 amp.-hr. capacity and each generator hay 
a 50-amp. rating: In one arrangement, provision is made whereby the t) 
systems normally operate independently each carrying half the lo 
when desired, the full load may be applied to either ba 


generators may operate in parallel for charging it. _In a second arrang 


nt, one system is kept as a stand. » that a fully charged batte 
will be available for emergency operation in event of failure of the airpla 
engines, A 24-volt battery and charging-generator system has 
heen adopted for large transport, airplanes. 
An alternate syst suitable for airplanes having very high electrié 

load requirements, employs an auxiliary gasoline engine driving an 
enerator. ‘The generator may be 115 volts, 800 cycles, single phase, 
it may be 115 volts, 400 cycles, three phase; the three-phase system 
somewhat more suitable when the electrical load is largely a motor lo 
as in military aireraft. ‘The high generated frequencies ‘permit the 
of very lightweight transformers and filter units in obtaining high d 
voltages for radio plate power supply. _A complete complement of 
transmitting and receiving equipment for use with either dynamotors 
single-phase 800-eycle supply has been designed by one radio manuli 


turer. In one a-¢ installation, on a DC-4 airplane, two 800-cycle auxiliag} 


engine-driven alternators were used, mounted in the nacelles of two of tl 
airplane’s four engines. The rated capacity of each alternator 
7.5 kva. 


“21, Radio Shielding and Bonding in Aircraft. Intenso electrié 


disturbances are set up in the radio receiving its by the electri 


ignition system of the airplane engine, unless ignition shielding is pr 


vided, 'To obtain effective shielding, it becomes necessary to enclose # 
entire electrieal system of the engine ignition in a high-condue 

metallic shield, This requires the provision of suitable metallic cove 
for the magneto distributing heads, for the booster magneto, for #l 


ignition distributing wires running from the magnetos to the spark plugs 


rger, hat 
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for the spark plugs themselves, for the ignition switeh, and for the switeh 
nd booster magneto leads. ‘ . ae : 

With the low-power ground stations in present use, it is necessary to uti- 
Jize field intensities not appreciably greater than the prevailing statie level. 
‘eful ignition shielding is essential. ‘The use of-u-h-f com- 


fence very ( 101 ¢ © us \- 
Mrevreat ion imposes additional requirements on the shielding efficieney. 
Elec disturbances may also be set up by any of the numerous 


109 CET (3 
electrical devices used in the modern airplane and by the periodic dis 
charge of static voltages accumulated on isolated metallic parts on the 
hirplane. ‘The former is eliminated by direct, shielding of the devices, 
coupled with filtering of connecting leads, The latter is eliminated by 
bonding all metallic cases, parts, and controls to the common ground 
formed by the airplane fuselage, x : 

‘92. Precipitation Static. Oscillating corona discharge from points on 
tho airplane to the surrounding atmosphere, oceurring when the airplane 
flies through electrically turbulent air masses, leads to what is known as 
rain, snow, or precipitation static. Such static is often of sufficient 
intensity at the lower frequencies to mar reception even at short distances. 
‘The use of a shielded loop antenna (familiar in marine-radio direction 
finding) for receiving reduces this type of static ina material degree, 
probably because of the preponderance of electyi¢-field components in 
the hf radiation of the static near its source of origin, : 

A second and more effective expedient for reducing precipitation static 
is to provide a discharge point well removed from the airplane antennas 
and to control the discharge by means of a resistor so that soutaiig 
eorona is minimized. ‘This has been done by attaching resistance cord 
(approximately 0.5 megohm) and wire to the tail of the airplane, The 
Wire is 0.016 in, in diameter, the sharp point at its end forming amuch more 
effective discharge point than the projections on the airplane from which 
corona discharge normally occurs. : 

28. Aircraft Radio Transmitters. Practically all transport airplanes 
employ multifrequency, erystal-controlled . transmitters, generslly 50 
Watts or higher with 100 per cent modulation, Simplex operation is used 
Wherchy transmission and reception is on the’ same frequency. ‘The 
communication receiver is normally in stand-by position, Depressing 
the “ press-to-talk”” microphone button disconnects the receiver from the 
‘Communication antenna, connects the transmitter in its place, and starts 
the transmitter dynamotor. Side tone is automatically provided. 

The transmittar incorporates several ‘pretuned erystal-oscillator and 

¢ Power-amplifier circuits with remote control means for connecting each 
at will to a common set of r-f tubes and an associated modulator 
tystem. — The remote control may be by means of a flexible shaft operat- 
ix 2 ganged switch or it may be by electrical telephone-dial selection. 

Tansmitters having up to 10 operating frequencies are in use. Plate 
Modulation is general with a speech-frequency range of 300 to 3,500 

* fveles, frequencies below 300 cycles being suppressed mainly to reduce 
high audio interference levels set up by the propellers and engine exhausts. 


Dynamotor voltages for plate power supply are generally 1,250 volts or less. 

Tr 1s for private aireraft are set up for one, two, oF three fre- 
Nencies; 3,105, 3,120, and 6,210 ke; 3,105 and 6,210 ke; or 3,105 ke. | For 
he smaller airplanes the transmitter operates on 3,105 ke and, with a 


fOMPanion range-beacon receiver, uses a dry-battery power supply sys- 
m™. ‘The equipment. is generally located to allow direct control. 
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With the advent of u-h-f operation, some simplification in ch 
requirements may be effected because of the elimination of change 
from day to night frequencies and vice versa. 

24. Aircraft Radio Receivers. With the present setup of radio 
quencies (see Table I), the full complement of receiving equipment on; 
transport liner includes the following: a I-f range-beacon receiver; a h 
communication receiver; an auxiliary receiver, usually of the all-way 
type, for radio-direction finding and (primarily) for emergency use;,and. 
75-Me marker-beacon receiver. ‘These are gradually being supplement 
with u-h-f equipment for use of the u-h-f airways facilities, blind-landin 
systems, etc. Itinerant aircraft generally carry only a range-bea 
receiver which provides for weather-broadeast and range-beacon re 
tion, for messages from airport traffic-control transmitters, and emerget 
messages from CAA 1-f radiotelephone facilities. 


All air-line receivers used at the present time of the superheterod 
type. The range-beacon receiver has a sensitivity of about 3 wv and 
communication receiver of about 1 yy for a signal /noise ratio of 
marker-beacon and Ianding-beam receivers are of fixed-sensitivity types 
special provision for maintaining constant sensitivity under varying ope 
tional conditions. The u-h-f range-beacon and communication e' 
have a sensitivity of approximately 5 uv. 

The 1-f range-beacon receiver is of the continuously variable type, 
trolled with a rotating flexible shaft which may be up to 30 ft. in lengtl 
Manual remote volume control is also provided. ‘The frequency contro 

through a control crank, operated Si the pilot, which is geared 4 t 
lexible shaft; the latter has a ratio of 264:1 to the tuning cond 


Gear backlash effect is thus minimized. Provision is made for quick shift 
over, generally by means of a relay and pretuned circuits, to 278 ke for use 


traffic control communication. The receiver is arranged for dual output 
pilot and copilot) and, sometimes, for dual control. 

‘he h-f communication receiver is of the multifrequency type with 
control of the heterodyne oscillator in each of the channels. . Both mechan 
and electrical remote-control swi' 


i ty 


commut 


COURSE NAVIGATION AND POSITION DETERMINATION 
25, Guiding Systems. Radio systems for guiding aireraft com 
twortypess i aida for Airaraft flying tha extebtehed st-waye andl Cl) 
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ireraft flying over independent routes. The first is the more iny 

for airvihe United States. All commercial transport airplanes use fixed 

fenyays. The government aids to air navigation are being provided with 

‘the 


view of serving aircraft flying these airways. ‘ 
“\n ideal system suitable for use by aircraft fiying either fixed airways 
or independent routes, on land or on sea, is such that 


L The em shall give the pilot information to enable him to continue 
‘along a given route bétween any two points in a given service area when no 
landmarks or sky are visible. If he leaves the course, it should tell him how 
far off he is and to which side, should show him the way back to the course, 
‘and should inform him when he arrives at his destination. o 

2. The necessary directional service shall be available at all times and 
‘under all conditions, to all airplanes equipped to receive the service and flying 
within the area service. . ; ‘ 

8. The service shall be easily, positively, and quickly available to the pilot, 
With a :ninimum of effort on his part. 

. 4, The radio equipment required on the airplane shall be simple, rugged, 
of light weight, and relatively inexpensive. 

5. The ground equipment shall be as simple as possible. The radio fro- 

‘jes, power, type of emission, and location of ground transmitting stations 
il be such as to serve the needs with maximum efficiency and conserva- 
tion of the limited ratio channels available. 


26. Direction Finder on Airplane. One system employs a fixed-coil 
antenna, the plane of which is perpendicular to the longitudinal axis of 


Wind Wind 


| | Radio 
3 Station 


Fic. 16.—Effect of cross winds on path followed with direction finder. 


tiie airplane. Zero signal is obtained in the receiving-set output as long 
¢ airplane is pointing to the ground transmitting station. This 1 
sentially a “homing” system and is subject to the limitation that a 
Fireuitous path is followed if heavy cross winds prevail. ‘This is illus- 
trated 16 and applies only when compensating course corrections 
d ¢ indications of the magnetic compass are not periodically 
BPlied. The use of the zero-signal bearings is rendered much more 
i ible through the adoption of a rotating loop antenna on the airplane, 
it the system still has some defects, It lacks means for giving the pilot 
Sense of deviation from the course, the signal increasing from zero 
hy ther the airplane deviates to the left or to the right. Moreover, the 
Dhew,®2¢To-signal indication is difficult under conditions of severe atmos- 
¢ disturbances or interference from other services. 


a obviate these difficulties, the Robinson direction-finding system was 
‘oped. “In this system, two crossed-coil antennes are used, one coil 


re 
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having its plane along the longitudinal axis of the airplane and the . 
having the plane perpendicular to this due to the secon¢ ing attention 
auxilian 7 s obtained at. 


i ii it he higher by A second 
ry the two signals are of equal int it (also in daytime on tl her | 
When off course to the left, for a given phase relationshi iP ewe project on which experimental work 
ie 


\dieation is directly dependent upon the ratio of effec 

Joop antenna to that of the main antenna, 
switching sequence enables the pilot to determine the orientation of 
plane with respect to the true course or bearing. The system as de 
was of the fixed loop-antenna type. 


In modern aircraft radio practice the Robinson direction finder 
been replaced by equipment giving visual indication of the 
ing relative to the course directed on the ground transmitting stati e t"| 
number of commercial units have been introduced and are succe 
employed for flying oon. dependent routes and as adjuncts to the 
Sango baantar system. ‘These are generally modifications of the Robi 
direction finder in which the main coil is replaced by a vertical ant 
since no directivity is required of this element and the auxiliary 
made rotatable. Bw itching to the additive and subtractive posit 
accomplished electrically and is performed at a rapid rate. The ou 
signal of the receiving set is switched synchronously with the ant Pe 
eyatem, so that it passes alternately in opposite directions throug i beh | 
ike oth head oe alas ah ee naam Bo 17—Schomae tut diner fr visu sane radio rotin 
course. 


loop antennas, the sum of the two signals is greater than the difference; 
off course to the right, their sum is less than their difference. Shar 2 


A circuit, diagram of the earliest. published arrangement! of this * the course indicator to control the steering of the airplane, through use 
and one which is similar in most of the essential details to many of the 9f the 2utomatic pilot. iS Aes oe honed wicradl 
rent commercial units is shown in Fig. 17. In this arrangement the ‘To make full use of the possibilities of a direction finder aboard aircraft, 
Vi and V: are biased to cutoft by the bias battery C, passing current ‘Automatic indication of the ‘tion of the tuned-in station is required. 
when successive half-cycles of the switehi is has been accomplished in a number of commercial units through 
grids less negative. TI m _ the use of « bidirectional motor system which drives the rotating loop 


re &ntenna. The motor system replaces the bilateral 
Nolieas froma inter-iype indicator and is arranged to drive the Course 
plified sum antenna clockwise corresponding to one cardioid 
thro n and counterclockwise corresponding to the ae 
The field 0 Second cardioid pattern. A little study will show,“ 
that the xystom will be in stable equilibrium for only ex. 
course, which may be arranged to correspond 
the forward direction, a baarrie indiostar, near Sirs 
lirecti i pilot, is attacl to the loop-antenna driving = 
ie. 18 The interyoet | Abalt by incans of a flexible drive and indicates the 
Pade! Hireetion of the station. correctly at all times. anes 
~ AStomatic-volume-control reception is employed 55.048 Crosacd 
render the direction-finder operation fully  gardioid patterns for 
atic. visual-type finder. 


tony Ditection Finder on the stern pee tiake DE A on 
Phis ty; irecti Santina 7 of tional aids to aircraft is a direetion-finding system, but wit) 
ty This type of direct ie simple and may be teed NOMEN fEdicction hinder loeated on the ground, Every airplane utilizing this 
aay teeamed oe aba repen tion of wen ibe Broadioast ail Tal M carries a radiotelephone (or radiotelegraph) transmitter and 
PET NR a oe ag cacsragneentaie bib iver. Permanent direetion-finding stations are located at_ ground 
SEES estat el ete. Yor» deen oa gente i lane dees fo fen is pon 

gatas Mon, it trans nits a request on the airplane transmitting set, whereupon 


a a a oe 
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two or more of the ground direction-finding stations each detern 
the direction by observations upon the radio waves transmitted fro 
airplane. ‘Triangulation then gives the position of the airplane, 
information is transmitted to the airplane. 

Five minutes is normally required between the e the request 
bearing is transmitted from an airplane and the time the bearing, 
computed by two ground stations, is furnished the airplane. Ob) 
the system is best suited to long-distance operation over routes not { 


ground-station network. 

airplane is not kept strictly on a given course at all times and is ther 
not practicable where airplanes must fly over rigid airway routes, 
has definite value, however, as an adjunct to the range-beacon syst 
and is being used experimentally in the United States on the 2,900 
6,600-ke band and at ultra-high frequencies, Complete! ' 


ground-station direction finders have been devised for this experi 
service. 

28. Rotating Radio-beacon System. A method of furnishin 
tional aid toa flyer is the rotating radio beacon developed in 
‘This method employs a transmitter located at an airport, which 
loop antenna rotating at a constant speed of L r.p.m. A figure-of- 


pattern is thus rotated in space at a constant rate. A special s 
indicates when the figure-of-eight minimum passes through north 
also when it passes through east. A pilot listening to the beacon si 
in the output of his receiving set can start a stop watch when the no 
signal is received and stop it when the figure-of-cight minimum cl 
him. The number of seconds multiplied iy six gives him his true d 
tion in degrees from north. The stop watch may be calibrated dire 
in degrees, so that the position of the second hand, when the minim 
signal is received, gives the bearing direetly. The east signal is pro 
to overcome the difficulty in receiving the north signal when the airp 
is north or south of the beacon, as on that bearing the signal strength! 
minimum, 

‘The receiving antenna is of a non-directional type, The receiving! 
may be used in the reception of weather-broadcast messages and of 
communications when not employed in direction determination. 
system is capable of giving simultaneous service to any numbe 
airplanes in any direction. “rift may be checked by determining p@ 
tions, periodically, and correction may be employed. In_ the 
deseribed, the system has several inherent disadvantages. The se 
is intermittent and somewhat slow, requiring at least 30 sec. for @ 
bearing. Since the determination of a minimam signal must be mat 
the system is particularly subject to interference and atmos 
disturbances. 

Omnidirectional beacons have been developed in the United § 
which are based on the general principles of the foregoing system 
which overcome its disadvantages. One installation, operating at 
Me, employs a five-element antenna system, either vertically or ho 
tally polarized, with four of the elements on the corners of a square 
the filth at the geometric center, A 125-Me carrier, modulated 75 P 
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t by # 10-ke modulation which in turn carries 60-cycle modulation, is 
tied to the central element; the radiation from this element is non- 
Wfectional. Carrier power of the same trequeney is fed to a sina 
i vhich in turn feeds the four corner elements forming the 


fometer, W eds the pata {or 
~ Hometional antenna system, . This will be seen to be quite similar to the 


gimultancous range-beacon and weather-broadcast, system described in 
‘Art. 6, except that (since the goniometer primary windings are not, keyed 
alternately) © single figure-of-eight radiation pattern is produced by the 
four corner antenna elements. i S 
This fiure-of-cight pattern is rotated in space 60 times per second 
mechanical rotation of the small goniometer at this rate, and thus 
wuces (at any point in space) a 60-cycle modulation of the non-direc- 
fonal carrier. "The power fed to the four corner elements is adjusted so 
that the percentage 60-gycle modulation is 20 per cent. The phase of 
this modulation with respect to the 60-cyele modulation carried by the 
10-ke subcarrier on the central radiation will obviously depend upon the 
direction from the transmitter and will go through 360 deg. as an airplane 
circles the transmitter. x 
Hence, in order to determine the bearing of the airplane with respect 
to the transmitter at any point in space, it is necessary to measure the 
ee difference between the variable- and fixed-phase 60-cycle modula- 
ion. ‘This is done in one arrangement by separating them in the output 
of the receiving set (by 60-cycle and 10-ke filters) and applying them 
respectively to the field and armature windings of an electrodynamom- 
eter-type instrument such as is shown in Fig. 17. ‘The pointer indicator 
of this instrument will read zero when the phase difference is 90 deg. 
shifter connected between one filter unit and the corresponding 


“Instrument winding is used to adjust the actual phase to this value, its, 


Setting being then a direct measure of the station bearing. The indicat- 
ee pnstrument, then becomes a right-left indicator which enables the 
Pilot to follow this fixed bearing to the station regardless of wind drift. 
29. Radio Range-beacon System. Radio range beacons with aural 
d visual course indication have already been described in previous 
Articles, Visual indieation is more in keeping with airplane instrument 
Practice, provides sharper course indication, eliminates the personal 
ment in ascertaining the position of the airplane with respect to the 
Sourse, and allows the use of a-v-c reception. ‘The high level of atmos- 
Pheries prevalent in the I-f range-beacon band led to the development of 
Pecial mechanical-reed filter units to make visual course 
Pricticable,- The change-over to u-h-f operation renders the use of less 
tive electrical filters feasible. Several arrangements for obtaining 
Visual course indication on aural-beacon signals have been tried but 
ved impractical. 
he radio range beacon requires only a simple receiver aboard the 
sila ior its reception. ‘The same receiving equipment is useful for 
cr purposes, for example, receiving voice weather broadcasts, voice 
Tite mication, etc, ‘The system is simple to use by the pilot and per- 
tion him to fly along the established airways where all other aids to av - 
hen tz provided. “Errors in course indication such as “night effects, 
t and multiple courses, ete., which have been associated with the 
© beacons are present in all other systems but are, in general, not as 
Mou eeegnized nor eliminated. ‘The range-beacon system lends itself 
readily to airways traffic control, 


THE RADIO ENGINEERING I1ANDBOOK 


RADIO AIDS TO BLIND LANDING OF AIRCRAFT 

30. Functions of an Instrument Lending System. ‘The primary fi 
tion of an instrument landing system is to provide continuous, posit 
three-dimensional guidance, whercby an airplane flying the airways tn 
adverse visibility conditions (even zero ceiling, zero visibility) ean finds 
proper runway on the airport and land safely on it. 
present, more practical function is to expedite the landing maneuver 
ing poor visibility conditions so that more airplanes ean land at an 
in a given time. The present. practice of “stacking” airplanes 0 
control point limits the number of landings at even the largest airport 
about 4 per hour, With the aid of an instrument landing system, 
figure is expected to increase to about 10 per hour, 

31. National Bureau of Standards System ,of Radio Landing A 
‘The basic concepts of nearly all present radio landing systems 


ing system 1 
im; (¢) approact 
spatial landing path followed by hi 


demonstrated by the National Bureau of Standards at College Park, 
in 1931 and at the Newark, N. J., municipal airport in 1933. 
em included three elements to indicate the position of the ae 
Lat 


sual-type radio range beacon, Approximate distance from thig t 
mitter was given by 2 distance indicator operating from the automat 


volume control in the beacon re‘ ng § Exact longitudinal posit 
was given by two h-f (10-Me) fan-type beacons located 14 
from the approach boundary of the rt and at the bounds 
Vertical guidance was given by an u-h-f (9 landing beam whi 
produced.a curved gliding path for the landing airplane. ; 
‘The runway-beacon course extended s miles along the projectit 


of the runway so that the pilot could orient himself along it from 


secondary and, 
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wenient point’on the main range-beacon course or after passing over 
convmuin, runge-beacon tower, Iwo low modulating frequencies were 
teed for distinguishing the overlap jation patterns of the runway 
heacon, and the airplane course indicator was designed to separate these 
frequencies by reed. filt 


ener 
the bowndary 

jilot’s headphones. ‘ ‘ aes 
Pege. Radio Landing Beacon. ‘The method by which the suitable indiea~ 


tion of absolute height above ground was obtained will be evident from 


U OF STANDARDS RADIO SYSTEM FOR BLINO LANDING OF AIRCRAFT. 
a COMBINED LANDING INSTRUMENT INDICATIONS 


I-f note. These were heard in the 


Airplane to left of Airplane over the Airplane to right of 
runwayandabovelhe runway and on the runway and below the 
proper landing path proper landing path proper landing path 


a SSE wine'A 
As Laneling bean andl runway localizer beacon 
Fio, 20.—Combined-instrument indications for radio landing syst 


Mig. 20, which shows the space radiation patterm in the vertical plane of 


iio u-h-f radio landing beam. | ‘The polar pattern in the horizontal plane 
Of 0 


» directed 
Of thie 


ewhat lower directivity. The airplane is therefore readily 
horizontal axis of the beam by means 
lizing beacon. It does 
along. the inclined axis of the beam, but on a curved 
ture dimini s the ground is approached. Th 
4 line of equal intensity .d signal below the inclined axis 
he beam, ‘The diminution of intensity as the ai plane drops below 
tne, ittelined’ axis is compensated by the increase of intensity due to 
sbbroaching the beam transmitter. ‘Thus, by flying the airplane along 
en \ @ path as to keep constant the received signal intensity, as observed 

® microammeter on the instrument board, the pilot comes down to 

tnd on a curved line suitable for landing. If the airplane rises above 
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this line of equal intensity of received signal, the microammeter deft 
inereases, while if it drops below this line the microammeter di 
decreases. 


‘The landing-beam antenna system consists of a conventional direeti 


antenna array. The vertical directive characteristic produced by 


array operating in free space would be symmetrical about the ho 
plane, maximum radiation occurring in this plane. However, 


presence of the ground, which gets as a periect dielectric at thes § 
“al t g 


quencies (91 Me), modifies the vertical characteristi g 
incidence, i.e» along. the ground surface, the wave reflected from 
ground cancels the direct wave to the receiving point, resulting in 


radiation. As the angle of elevation of the receiving point incre 
there is an increasing difference in the distance traveled by the direet 

reflected waves to reach the receiving point. The resultant phase dif 

ence produces increasing field intensity with increasing angle of elevati 
When the phase difference is equal to half a period, the angle of maxim 
radiation is reached. 

shown in Fig. 20 


It thus becomes evident how the landing 
obtained. 


ity to preclude the possibility of variation in the power output of the t 
mitter or in the receiver sensitivity. 


33. Airplane Instrument. To simplify the indications used by 
pilot, a combined instrument*is employed for giving the runway- 
and glide-path course indications. ‘Two perpendicular reference 
are provided on the face of the combined instrument, the vertical 
ence line corresponding to the position of the runway and the hori: 
reference line to the proper landing path, The pointers of the rum 
course indicator and the landing-path indicator are arranged so that 
cross each other, the former moving to the right or left of the ve 
reference line and the latter above or below the horizontal reference I 
‘The position of the point of intersection of the two pointers thus git 
through a single reading, the position of the airplane with respect 10! 
runway and proper landing path. ‘The instrument indications for 
arbitrary positions of the airplane are given in Fig. 20. At 1 the airpl 
is to the left of the ranway course and too high. At 2 the airplane 
the runway course and on the proper landing path. At 3 the airp! 
to the right of the runway course and too low. 

84. Modifications of System. ‘There have been a number of mi 
tions of this system which utilize the same basie principles. ‘The Li 
system, which is in extensive use abroad, utilizes a single transmi 
set and antenna system for producing both the runway-beacon § 

attern and the landing path. The antenna system comprises a V 
ipole radiator and two vertical reflector dipoles. ‘The reflector di 
are keyed, one to dashes and the second to dots, thereby producing 
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yonding space patterns which intersect in the horizontal plane and 
correo two beacon courses, ‘The dashes and dots are interlocked pro- 
wing type of signal which may be converted for visual indication, 

‘Since ultra-high frequencies are employed, the effect of the ground is 
to produce a vertical radiation pattern in which, for low angles of eleva- 
tion, the field intensity is ay proportional to the angle of elevation 
Marling from zero at the ground suriace. A series of lines of constant 
field intensity having the shape of parabolas thus exists, as in the case of 
the regular landing beam, and may be used as landing paths. 

Summarizing:,the p:lot follows a line of constant field intensity in the 
plane of intersection of the two beacon space patterns, On the airplane 
‘asingle u-h-f receiv ng set is sufficient for reception of both the runway- 
course and landing-path indications. 

The Bendix system, in this country, also employs a combined runway 
‘beacon and landing beam but with horizontaily polarized waves. The 
‘Air Track system, developed by Washington Institute of ‘Technology, 
houses the runway-beacon and landing-beam transmitters and antennas 
in a trailer and the marker-beacon transmitters on motor cycles so that 
the complete system becomes portable and may be moved readily to 
provide service upon any airport runway as determined by the e: ing 
wind condition, 

35. CAA Indianapolis System. As a result of extensive tests of experi- 
Mental installations of the various modifications described, the CAA 
through its Radio Technical Committee for Aeronautics set down detailed 
ations on performance requirements for a radio landing system, 

© related to. course sharpness of the runway-localizing beacon, free- 
from bends, marker-beacon directivity patterns, landing-path 
pe, instrumentation, conventions as to instrument pointer deflections 
and were based on the combined experience among the represented 
Agencies of over 3,000 blind landings. A four-way installation was set up 
‘ apolis which conformed with these specifications, and 10 similar 
i} core are now undergoing service tests at 10 principal airports of 
od States, 


shows the installation of facilities at Indianapolis. The runway 
acons are of the two-course type (without sector identification). 
Art. 10, and operate-on a frequency of 109.9 Mc. ‘The rated 
me, output is 300 watts. Because of the sharp radiation patterns used, 
oe is very sharp and maintains its direction within 0.1 deg. Bends in 
fre {Ourse, which make it difficult for the pilot to maintain his orientation, 
‘teduced to less than 0.15 deg., of negligible order. The marker beacons 
the fan type and operate on 75 Mc, the rated power output of the 
pent beacon transmitter is 5 watts. “The landing-beam transmitters 
Monnet 93.9 Me and are of 300 watts rated power output. A complete 
towen ine system i provided so that an operator in the airport control 
fn ct2 start up all the equipment corresponding to each landing direction 
Of obo indicating instruments, may obtain information on the correctness 
ration of the various units. 


+ nok; Control of Shape of Glide Path. An outstanding contribution of 


the ean apolis setup consists of the control provided over the shape of 


eesoplidle path. Pilot experience indicated that the glide path should be 
“air. “lly straight from an altitude of 1,500 ft. at about 5 miles from the 
ya up to the airport boundary; from this point it is desirable that.the 

become slightly parabolic in shape, intersecting the runway surface 


re 
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‘Sec. 17) AIRCRAFT RADIO 621 
at approximately 1 deg. This path allows the use of a constant rat 
descent Bivins ‘but flares off toward the end, thereby elimin 
excessive shock at the instant of contact. 


virtue of the highly directive patterns afforded, the glide path is of 
; "the equisignal type, being obtained by the overlapping teow pattems 
‘The method of obtaining the desired path shape is indicated in Fi in the vertical plane so that a course making an angle of 3 deg. with the 


The landing-beam transmitting antenna is located at a considera} “airport surface is produced. i 
distance to one side of the runway and forward along the runway .e indieating system on the airplane combines the indications of the 


also Fig. 21), and its horizontal directive pattern is so adjusted that) “airplane bank, climb, and turn instruments with the indications afforded 
2enles to eer marker by the radio landing facilities. The indications are combined in a 


‘NE approach 


left-right 
location 


~ 
«= Localizer transmitter station BW 


© Glide path transmitter station 
= /aner marker beaconstation 


Station designations refer fo 
approach direction served 


[COMBINING] 
UNIT 


i iN 
2miles focuter marker Control 2 miles fo outer marker 
used forNWapproach tower —_used for SWapproach 


a. 21,—Indianapolis airport and instrument landing layout. 


Horizontal directive pattern 
CF ss Babe OF landling beam 
‘ 
es hn \ Intersects 


—_———> pro 
————————, of runway 
at 6 miles Light 
Ligh 


¥ Glide angle of 
2-4 nding airplane 
Center line of runway 
3 ) 
and - AA-MIT microwave landing syste (a) combination of radio 


“Airport runway Point of contact ives 2a instrument indications; (6) three-light system on airport which 
Fie. 22.—Mothod of controlling shape of glide path by horizontal diree ‘tuivalent visual indjeations. 

fia Clay saoie SUR SETS BECA . eon ray indieator showing three spots; the central spot being con- 

radiation to diferent points along the pomeay Cand its projection) _ a is left-right or up-down by the radio aids ent res other two 

of predetermined relative intensities. In this way the lines of e he gyro instruments (see Fig. 23a). The whole effect is to give 

field intensity in the vertical plane containing the runway may be ™ M tat aes a wrlas trying ea ape path, yauly 

he ring three a landing field oriented as shown in Fig. 230. 

; indicating system may be applied to any three-element radio landiny 
and is similar in.a number of respects to the Sperry “‘Flightray” 


runway-beacon, landing-beam, and marker-beacon patterns. Vel 36 Red at about the same time. 


modulated transmitting tubes and horn-type radiators are emplo W the C ating Seaton, a ystem of pedo landing ane ices 
5. iy ‘orps utilizes a visual-type radio 
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for lateral guidance of the landing airplane along the airport runway, 
u-h-f marker beacons for longitudinal guidance, and a sensitive-t 
barometric. altimeter in combination with these other elements 
vertical guidance, The marker beacons now used in the CAA Ini 


apolis system are based on the type developed by the Army for its las 
system. 


Diagrammatic radio compass 
Oaegremrati as 


viewed in dlrection of fight 
© Radio transmitting station 


150 


oe 


¥ 
ge na Tae Soar 
(b) 


ta) 
Tra, 24.—Army Air Corps radio landing aid. 


‘The operation cf this system is best understood by reference to Fi 
A and B are ground transmitting stations located along the projection 
fenter fine of the. airport runway, ‘They send. out tone-modulated 
missions suitable for use of the radio compass on the airplane. The 
rating of theso transmitters is approximately 50 watts, and the an! 
used are vertical masts approximately 30 ft. high. Station A is 2 
approximately 1,500 ft. from the approach end of the landing fiel 
station B about 2 miles from it. At each of the stations there is also lo 
a low-power marker beacon operating on a frequency of about 60 Me 
using a half-wave transmitting antenna oriented along the direction 
approach of the landing airplane. 

Upon reaching the general vici 
main radio range beacon, 


of the airport through the use of 
the pilot tunes his radio direetion-finder receiver 
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station A and, upon reaching it, tunes to station B. He flies back and forth 
hetween these two stations as many times as is necessary to establish his 
course along the projection of the airport runway, setting his directional 
“opie compass to the value found for that course. The necessity for 
fis ancuver is apparent from a study of Fig, 16 in Art. 26, ‘To compen- 
kate for possible 
Sssential that the pilot determine exactly the required angle of crabbing of the 
firplane into the wind, This is particularly important in the case of narrow 
oaches to the airport with hazards located alongside of the approaches. 

Fipon establishing the proper course, the pilot makes a final approxeh to the 
landing field. The sensitive barometric altimeter is corrected to the baro- 
metric pressure obtaining on the ground, as determined by radio information, 

is then relied upon in combination with the other flight instruments to 
maintain the airplane in a glide such that the altitude is approximately 800 
ft. over station B and 150 ft. over station A. Continuation of this glide 
rosults in contacting the airport surface. 

The exact point of contact is not so definite as with the first system: 
described, depending upon the usual errors in the barometric altimeter, errors 
in determining the angle of glide of the airplane under varying load and air 
conditions, and errors in estimating the magnitude of the component of the 
existing wind along the runway. For this reason the system is safely appli- 
gable only to the larger airports and may be used only as an approach system 
&tsmall airports. Advancements in the art have improved the practicability 
of this system. A dual automatic direction finder incorporating two loop 
antennas tuned to stations A and B, respectively, has been developed by. 

Developments, Ine., to provide automatic simultaneous indication of 

bearings to the two stations. ‘This simplifies the approach procedure, 

The ecuracy of the vertical guidance may also be improved through the use 

6f a radio altimeter indicating absolute height above ground. With these 
ives the system becomes quite accurate and easy to follow. 


89. Dingley Induction-type Landing System. ‘his is a non-radio 
System utilizing the mua field surrounding two horizontal multi- 
¢onductor cables to establish in space a path of constant electromagnetic 

intensity which coincides with the ee landing path. The cables 
re laid on or below the ground surface on either side of the airport run- 
Way and its extension, K large loop formed by grounded cables ts exeited 
¥ a 500-cyele alternator in given phase, and smaller loops, formed by 
tables grounded at other points, are excited by the same alternator in 
‘ite phase, In this way it is possible to control the intensity of the 
antic field so that up to a Taine when approaching the airport, a line 
constant intensity is parallel to the ground, while beyond this point it 
Masumes any dosired angle contacting the runway surface. 
“Tho 


{ivipment required on the airplane includes two collecting coils perpendicular 


leparture from the true course due to cross winds, it is 


ne equip- 
lescribed, 
ical considerations as right, of way for the cables, cost of 
It has beon tried successfully at the Naval Air Station, 
using a length of cable of 9,000 ft. with a glide path angle of 
Ba he course indications from’ radio range beacon were used 
initial orientation of the airplane to enable it to get on to the landing 


& 
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ABSOLUTE ALTIMETERS 


One of the most important navigational factors in aviation is 
altitude. Both in point-to-point flight and during landing, reli 
n altitude with reference to’sea level has proved a continuous bi 
itimeters for indicating the absolute height above ground fall into 
classifications; the sonic altimeter, the capacity altimeter, and the reff 
tion altimeter. Of these only the reflection allimeter has proved suce 
ful enough to warrant commercial sal 

40. Sonic Altimeter. In this method the e taken by sound 
reach the ground and return to the airplane is measured. Knowing 
velocity of sound, the height of the airplane above ground may 
determined. In a model developed by the General Electrie Co., 
horns are employed: one, driven by an electric trip relay and phy 
sends down the sound waye, and the other receives it back again 
reflection from the ground. An instrument, which is started by 
emitted wave and stopped by the reflected wave, records all heights abo 
50 ft., while below ft. the pilot uses his headphones. At 40 ft, 
echo comes back 19 sec. after the emitted sound is sent out, at 5 
comes back }jo9 séc. later. A sound-delay filter is used in the outp 
of the receiving horn so that the whistle and the echo do not blend it 
one sound inti the airplane is at some point below ft. This indiea 
may be used effectively by the pilot during a landing. 

An experimental unit based on this principle and developed by the B 
‘Telephone Laboratories, Inc,, provides visual indication of the height ab 
ground down to « few inches, In this system the received signal autom 
cally starts the transmitted signal, so that the frequency of occurrence of 
emitted sound increases with decreasing altitude. An arrangement of 
lights is used for obtaining the visual indication. 


41. In the capacity altimeter the distance from the ground is measur 
bye detecting the change in the electrical capacity between two pla 
on the airplane as the airplane approaches the ground. In one arrany 
ment this capacity is made a part of a résonant circuit, coupled to 
extremely stable r-f oscillator, A vacuum-tube voltmeter records 
voltage developed across 2 portion of the resonant cireuit. ‘The cirel 
is adjusted so that the voltmeter-indicating instrument reads zero wh 
the airplane is at any height above 100 ft. The gradual increase 
capacity as the airplane approaches. the ground serves to bring 
resonant cireuit into closer tune with the oscillator frequency, the 
meter indication increasing according! ‘The indicating instrumel 
once calibrated, serves to indicate true height above ground, Sin 
the capacity between the two plates is practically unchanged at altitude 
greater than of the order of 100 ft., the field of usefulness of the capaci 
altimeter is limited to landing operations only. 

42, Reflection Altimeter. In the reflection altimeter, altitude abo 
ground is indicated by sending a radio wave to the ground and timin 
the interval required for it to reach the ground and return to the airph 


after it has been reflected from the ground. The equipment, used com 


prises a transmitter, a receiver, and a frequency meter operating 
‘terrain-clearance” meter. ‘The transmitter is varied in frequency fro! 


420 to 445 Mc and return at the rate of 60 times per second by means @ 
ig. 25). ‘The rate 9 


a small condenser in the oscillator circuit (see 


_ forre 
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of frequency is thus 3 X 10° ¢ The transmitter output is 

diated downward by a half-wave horizontal doublet mounted on one 
Tithe lower surfaces of the airplane, and the receiver is connected to a 
cond half-wave horizontal antenna similarly mounted and arranged 
for minimum coupling to the transmitting antenna, The direct and 
sted waves picked up by the recei antenna are fed to the detector 

nd the detector output is amplified and fed to an electronic frequency 
“meter, It will be evident that the frequency of the signal output from 
‘the detector is equal to the instantaneous frequency difference existing 
tween the direct and reflécted waves and is directly proportional to the 


Pia, 25.— Principles of operation of Western Electric reflection altimeter. 


height above the ground, ‘Thus the frequency meter may be calibrated 
directly in feet. 
. For any altitude 11, the frequency difference fa is given by the exprossion 


fa = 3X 10% x2 


whore © is tho volocity of light in the samo units as H. ‘Thus assume that 
0.5 mile; the frequency difference is then 16,200 cps. This amounts to 

‘ly 6 eyelos per foot. 
to se upper range of the “ terrain-clenrance, 
4,000 ft, although th frequency meter is capable of responding to fre- 
Incies corresponding to about 15,000 ft. The reason for the upper limit is 


dicator is arbitrarily limited 


? obtain reasonable sensitivity of indication within the most useful range. 
muah tiked, a range-change switch could be used to provide indications over 
altitude ranges as 0 to 600, 0 to 1,000, 0 to 5,000, and 0 to 15,000 ft. 
the the radiation toward the ground is directed over a rather large area, 
toverltitude above ground indicated will be the average of the clevation 
Wilt nibs 8 cone of about 30 deg, | ‘Thus buildings and other small obstacles 


why * the readings only at low altitudes. muds will have negligible 


Thiel on the readings since the reflection coofficient of radio waves from 


is only about 0.01 per cent of that from land. 


4s. FUTURE DEVELOPMENTS 
irl eto aids of the future will probably include radio control of 
By ml , radio weather teletype, and radio aids for collision prevention. 
indi? control of airplanes is meant the harnessing of the various radio 
‘Ating instruments to the automatic pilot so that the airplane will 
matically follow a predetermined course and the pilot’s duties will 


linge ’Pond more nearly to that of the captain of a gyro-controlled ocean 


and ‘i, 4 ‘he various instrumentalities for accomplishing this are available 
q ave 


already been tested in isolated experiments. 
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Radio weather teletype would provide the pilot with printed y W. &., Jn.: A Radio Direction Fis i 
reports and other messages which would facilitate operations and fun sSearch, Revoarch Paper O21, 44, TBE TAL ASHI AERA, Bur. Stand. our. 
reference econ Gita has Sepia such a service “4 G. V.: Automatically Controlled Blind Landing, S.A.E. Jour., 42, 13, June, 
ractieable and will probably begin experimental operation in the Rates Ti. M.: Snow Static Eifects on Aircraft scat : 
FS seo bata a dphicn hs RS ee  eeiaataemenndees 
‘adio aids to furnish the pilot information on the presence K Instrument Landing Syston ety, and H. B. Fiseurn: Development of the 
vicinity of other airplanes or of obstacles (such as mountains) Pasouber: rasa, Nae System at Indianapolis, AW1.2.f. Tech, Paper 40-43, 


be of inestimable value. Very little has been done toward the pro ——, and H. I. Merz: Development, Adjustment and Application of 
of such aids, partly because of the complexity of the problem. G Marks, feng i, Saity and Planning Division, Sui rage” Cone-tyP 
Proc. 1-RE., 28, 314, March, 1937. no Tange and Telephone Transmission, 
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nna Tuning. ,The act of resonating an antenna system to some 
feequency other than s natural frequency by means of reactive devices. 
 Anienna Loading. Lumped reactances connected in the antenna system 
for the purpose of antenna tuning. 
], Distributed Loading. Units of reactance added at stall. electrical 
jatervals along a conductor for the purpose of smoothly modifying the 


SECTION 18 Hatural distributed constants of the system. Pupinization, 
40. Node, or Nodal Point. In a standing wave system, the points of either 


imum potential or current 
ANTENNAS inode. In a standing wave system, the points of maximum potential 


By Epmunp A. Laport! 


THTRODUCTION " electric force are parallel to the ground plane. ‘ : 
‘The transmission and reception of electromagnetic waves used for 14. Elliptical Polarization. A field of force having both verticully and 


communieatior i ntally polarized components. 
Dai Sera hares eee con 8 Reflector. Conductor or conductors so disposed with respect to: a 


space and known as antennas. An antenna is a device composed i 
system of one or more linear conductors, usually of large. el Neen eee an see ralision fa Tea direction while reinforcing th 
mensions, from a fraction to several wave lengths, which ia Mite oppocite direction. 
couple a h-f a- generator or receiver to space, Between the trai 16. Antenna Array. A multiplicity of radiating elements disposed in any 
and the receiving antenna there is a combination of earth, water, manner whatsoever for the purpose of molding the space characteristic in, 
and ionospheres which constitute the mediums in which electron tome desired f: Reve te 
waves are propagated. The action of the waves in traversin 17. Space Characteristic. A means for describing the over-all radiation 
mediums is very complex at best, being dependent upon many eharacteristics of an antenna Bt item. Usually refers to a geometrical solid 
and ather unknown factors. roiinent siong the Know ctORlE a ae ea te oe DP aaron to 
ups nine it rensity i is cl 
the transmitting frequency, the radiation characteristics of the t intensity ‘oF to power. Power flow by radiation in any direction is 
ig antenna, the orientation of the path of transmission in the oportional to the equaro of field intensity. 

magnetic field, the time of day and the conditions of daylight and 18, Fundamental Frequency. ‘The frequency at which the impedance 
ness along the path, the se@son of the year, solar activity, the el _ of an antenna at a current antinode is minimum. The lowest frequency 
characteristics of soil or water in the immediate vicinity of the ant of oncilation of dn antenna. ¢ 
aawallies alocis the pats hte Bartaoe wiees; Gis irooedaiis ect |. Fundamental Ware Length, ‘The length of the space wave emitted by 


of ionization of the atmosphere at various levels, the distance OD. Mode af Onntiion.” ‘The ratio of the operating wave longth to the 
transmitter and receiver, and the characteristics of the receiving ant ental wave length; also, the ratio of the fundamental frequency to the 
1, Antenna Terminology. The following terms are used in this berating frequency. 

“fe » Electrical Length. The length of a ding wave in any linear system 
ae Si nga Rproesed 10 degetns ck radians. The electrical length of a wiro ia ite sotual 
oh anantioae ya in torms of wave lengths and Traations, reat multiplied by 360 deg. 

ovly in systems with sinusoidal current distribution, 
lot of r-m-s antenna current jn 22. Effective Height. ‘The height h obtained from the following equation: 


he 


Where h = effective height in meters 
« = measured field intensity in microvolts per meter 
d = distance in kilometers from the antenna to the point where ¢ is 
measured 
{ = frequency in kilocycles 
= antenna current ai the point where the antenna is energized. 

Nore, d must be stall enough so that the effect of attenuation is absent, and great 
‘eough io be beyond the limits of the induction field. bs 
ing, Antenna Resistance. ‘The total dissipative component of the antenna 

\ee measured at the point where power is introduced. 
ant; Radiation Resistance. The ratio of the total power radiated by 
Antenna and the square of the current at some reference point in the 
m, usually the point where power is introduced, or a current antinode. 


1 RCA Victor Co. Ltd., Montreal, Que. 
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26. Oscillating Wire. A linear conductor containing a standing ws 
oscillatory energy. 


2. Radiation from Linear Conductors. The existence of a field 
force in either electromagnetic or electrostatic form represents a stor 
of energy in space. Faraday originated the descriptive method of picts 
ing a field in terms of lines of foree and lines of equal 
formed the basis for subsequent curvilinear geometry wh 
or less familiar to electrical engineers. In ordinary electrical engin 
it is customary to concentrate a field as much as possible and to pre 
stray lines of force, known as leakage flux, from reaching any considerab 
distance from. an electrical device.’ In antenna design, however, 
opposite case is desired. Here as much as possible of the energy of 
feld is made to be stored in space which is far removed from the ¢o 
ductor. The linear straight conductor is the most satisfactory practi¢ 
device for producing distant fields. 

In ordinary electrical devices the energy of the electric or mag 
field is returned to the parent_cireuit when the charge or current 
produced it is removed. ‘The field collapses. It takes time for a field 
be propagated from one point to another in space, i 

appearance at any point is not coincident w 
conductor which produce it. The finite rate of propagation of el 
and magnetic fields, 3 X 10* meters per second, causes events in the 


of force to lag behind the events in the parent circuit by a time dependes 


upon the distance from the cireuit. This fact is of no great interest ord 
narily, but in connection with antennas it is of Hee ary importance 
forms the basis of all radiation phenomena. sume for simplicity 
straight wire which is charged. The electric field has been establis 
out to a very great distance. If the charge be removed suddenly, 
collapse of the field will return the stored energy to the cireuit aft 
muiteblo time interval. If, on the other hand, the charge on the wire 
instantly reversed, a field of the opposite polarity forms near the 
pefore the energy stored in space for the previous charge can return 
give up its energy to the wire. The original field becomes detached 
manifests itself as a free wave of electric energy traveling in s 
When, instead of an instantaneous reversal of the charge on the wit 
there is a gradual reversal at a rapid rate under the stimulus of a 
r, some of the energy of the field very near to the wire ret 
reuit before the charge reverses, but a large amount of ene 
in the more distant fields is unable to return before reversal occurs 
becomes a detached field of force, an electromagnetic wave. That po 
tion of the field which returns its energy to the cireuit is known as’ 
induction field and the detached pereon as the radiation field. 
lost by radiation is represented in the impedance of the 
radiation resistance, 

Radiation of energy takes place from linear conductors which 
electrically unbalanced. When it is desired to prevent radiation, t 
parallel conductors are placed very close together electrically and eq) 
and opposite charges are distributed identically along the condu 
‘To produce radiation, the spacing between conductors is incre: a 
the balance of charges upset more and more. The ultimate in fl 


which is completely unbalanced. 


he energ 


direction is that of the familiar simple antenna, a single straight wif 
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3. Fundamental Radiation Formula.! Dellinger's derivation of the 
fundamental radiation formula for an antenna is of the following form: 


@ | idl 

a eran 
instantaneous magnetic field intensity in gilberts per centimeter 
2r times frequency of oscillating current in the wire 
instantaneous current at any point in the wire 
length of the wire in centimeters 
time in seconds 
velocity of propagation of light (3 X 10% cm per second) 
distance from the wire in centimeters perpendicular to the wire. 
‘The first term is known as the radiation-field term, and the second as the 
induction-field term. ‘These two terms are of equal magnitude whore d = \/27. 

After converting the radiation term into the most practical units for 
engineering usages, we have 


Ez =377 7 (for free space transmission) 


millivolts per meter (field intensity) 

r-m-s current in amperes in each elementary length dl 
wave length in meters 

distance from antenna (in normal direction) in kilometers 


J 
ef Idi = total meter-amperes of system. 
For a half-wave dipole in free space, with sinusoidal current distribution, 
60r Pies 
Es=—7 (for free space transmission) 


where Zz = volts per centimeter (field intensity) 
J =1-m-s current at the antinode 


d = distance in centimeters. 
‘The field intensities in directions other than normal to the wire depend 
Upon the length of the wire and the distribution of currents in it. 


a Current and Potential Distribution in Straight Wires. The action 
“n oscillating wire as an antenna depends upon the current and 
conta! distribution in the wire. These distributions in turn are 
ependent upon the manner in_ which charges ‘are propagated in the 
a, under various conditions of excitation by a h-f generator. If an 
Mcharzed wire be connected to a source of h-f energy, charges move 
foie, the generator into the wire, travel along the wire, and, after an 
val of time depending upon the length of the wire and the velocity 
the Pseation of the charges, arrive at the distant end. If the end of 
cee is an open circuit, as most antennas are, there will be a trans- 
‘and ‘ep of energy at the end which causes the potential there to double 
tha, the current to become zero. ‘The high potential at the end, due to 
Accumulation of charges which continue to be supplied by the genera- 
Beck oo another wave of energy to be propagated from the open end 
The? the generator. 
Poten mechanism of the production of standing waves of current and 
ential on a linear conductor may be studied analytically by referring 


Pecuxcen, J. H., Princ iss on wi i 
. J. H., Principles of Transmission and Reception with Antenna and Coil 
Aas, Gur. Siandards Sek. Paper 864, 1010. Risa 
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to any good text on reflections in transmission 
introduction is given here, however, to establish a physical pict 
this important phenomenon. Consider Fig. 1, which is a wire ¥ 
may be connected to ground through a battery’ B by closing the 
S. At first the switch is open, and the wire is at zero potent 
closing the switch, a current flows from the battery into the wi 
wire becomes charged. The charging process is not instantaneo 
because time is required for charges to travel the full length of the 
‘The current flow from the battery into the wire persists, not only for 
duration of the movement of charges to the end of the wire, but until 
wave of charges is reflected from the open end back to the battery. 
i ie ‘is interval the battery supplies charges as it would to a li 
infinite length. It is only when the reflected wave of charges arrive 
the battery that the very finite length of the wire is manifest, at wh 
time the excess charge on the entire length of the wire gives it a potent 
higher than that of the battery. When the wire is finally charged 
battery potential, the total energy of the 
tional charges which compose the retiected 
must be eliminated from the system. 

i 


tlt 


Het tit h, 


ystem, and each refle 
is weaker than the one preceding. When 
excess energy is consumed completely, the 
reaches steady state with a uniform poten 
Fra. 1.—Charged wire. Shoaebors its length equal to that of 

attery. 

When an a-c generator is used to energize the wire, the same pro 
takes Pee but, when the wire is “tuned” to the generator frequen 
the reflected energy arrives at the generator when it is reversi 
polarity, in which case the energy of the reflected wave is abso 


lem; the characteristic current and potential distribution is the 
of a See reflection—a wave of charges moving from the gener 
toward the end of the wire, and the reflection from the end back to 
generator. 

In the steady state both potential and current vary harmoni 
time, but their maximum values vary with their position in the wire. 
He wa ple straight-wire antenna the variation of potential and of cu! 
along t 
when measured from the open end of the wire. 

There are important relationships between the potential and ew 


wave length (or 120 deg.) long, on the assumption that there is no en 
dissipated in the system during the propagation of the initial wa’ 


the generator and is not re-refleeted. ‘Thus, in the typical antenna pr 


e wire is very nearly cosinusoidal and sinusoidal, respective 


distribution, on which the impedance of the antenna'depends. By s0 
ing the case of a simple reflection in a wire, for example, a wire one-th 
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energy imparted to the wire from the generator and during its reflection 

the open end, we obtain the vector relationships between current 
{ad voltage for several equidistant points along the wire as shown in 
Fig. 2. If electrical degrees are measured from the open end, it is seen 
that, up to a distance of 90 deg., the current vectors are in advance of 
the voltage vectors and the impedance of the antenna for lengths less 


"thn one-quarter wave length is a pure capacitive reactance. When 


the wire is longer than one-quarter wave length, as in the example, the 
wire impedance becomes a pure inductive reactance. If this were 


Mio. 2.—Vector relations between current and voltage in a wire 120 deg. long. 


fentinued for several quarter-wave lengths, it would be seen that for oda 
flarter-wave lengths the impedance of the antenna would be capacitive 
mae and for even quarter-wave lengths it would be inductive 
tance. At exactly 90 deg. and odd multiples of 90 deg. (potential 
fens ) the impedance would be zero, while for even multiples of 90 deg. 
rent nodes) the impedance would be infinite. By plotting out the 
"rent and potential vectors against their position along the wire, 
~dimensional rectangular coordinates, it 1s found that the potential 
vs cosinusoidally and the current sinusoidally. 
ly there cannot exist in nature a dissipationless system. Waves of 
bra Kes propagated in a wire suffer some attenuation, We know there 
Joulian losses in the wire as well as loss of energy through radiation, 
ou (ally in an antenna wire which is an efficient radiator, Working 
A © case of a simple reflection in a 120-deg. antenna wire on the basis 
considerable power loss in the wire, we get the vector diagram of 
the nats 2nd voltages shown in Fig. 3. Between 0 and 90 deg. of length 
‘trent vectors lead those of potential, but there is now a component 
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of potential in phase with the current, so that the inipedianes in this 
is resistance and capacitive reactance. At 90 deg, the potential vee 
in phase with the current vector, at which point the antenna impe 
is pure resistance. Beyond the 90-deg. (quarter-wave) point the voll 
vectors swing into leading position, and the antenna impedance bee 
resistance and inductive reactance. ‘This continues up to the half 
point (not shown in our mple), at which place the current ve 
come into phase with the voltage. Here again the antenna imper 
becomes a finite pure resistance, but of a very high value, In By 


‘Phe radiating characteristics of an antenna depend upon the current 
distribution, When calculating radiation patterns for simple wire 
“Shtennas, the assumption of sinusoidal current distribution is fully 

justified. ‘The complex circuital impedance of an antenna, however, 

js the result of the trae current and potential distributions which are not, 
simple harmonic functions of distance along the wire, 

§. Current and Potential Distributions in Linear Conductors with 
‘Attenuation.! 


Tea By = B,x/sinh? ad + cos? Bl/tan-' (tan él tanh al) 
ho Ey aoe fy f tan Bl 
“postal Lh = Fev ain al sin A /tan ‘(ee 
Isley 2 
Heo Fyand I, are the voltage and current, respectively, at any point in the 
Lio. antenna wire which has the distance J from the open end. £, is the 
i voltage at the open end. — al is the attenuation constant in nepers (hyper- 
ho; bolic radians) per unit length, and gi is the wave-length constant i 
PRS frcular radians per unit length of the wire. Zo is the characteristic 
ess Ee impedance of the wire. In an antenna this factor has no true scientific 
pete! Hens significance, but for many practical purposes a value can be placed upon 
&. Sy it which has engineering significance. 


6. Current Distribution in Antennas of Various 
Practical Forms. Radiation phenomena are usually 
studied in terms of the electromagnetic field, which is 
associated with the antenna currents. In matters 
involving space characteristics, field intensities, etc., 
the basis of reference is usually the current distribution, 
In many forms of antennas’ to be found in practice, 


; eke. =) ig Poternticn! there are é ‘ 
Wire. ye " here are numerous departures from the simple con- 

40} AA ee bio [afstribution ditions which produce sinusoidal current distribution, 

se oe a eed th a single-wire T, current along the vertical portion 

60) oe Cinrent sdistributed asa partial sinusoid and can be calculated 77777 Mtdd 
270 tap Usiribution 48a real part of the equivalent vertical wire. The — Fra.4-—Cur- 
80} == fiittent in the flat-top sections is linear, very nearly, Tent pe sips T 
~ oo] Weach branch is less than 30 deg. long. The current *"tenn® 

10 iS Ul the top of the vertical is divided equally between the two branches and 

n9| Hgts to zero, or nearly zero, at the ends of the T branches (see Fig. 4). 

201 S hh he current distribution in a single-wire inverted L has also by 


@; 


}.— Currents and Voltages in a wire of 120 deg. when appreciable por 
loss occurs. 


the several vectors are plotted in rectangular coordinates against tl 


Shown to he nearly sinusoidal, as was assumed from theory.? . 

con on-sinusoidal distributions occur in systems that have non-uniform 
or mtants per unit length, such as fan umbrella, and many other forms 
Bntauitivire antennas. Irregularities in the distributed L and C of the 
sehta are sources of reflections and lead to very complicated distribu- 


Fie. 


position along the wire. It can be seen plainly that the potential tions, Wi : : = ce 

tribution is not cosinusoidal, especially in the vicinity of the ne Pattioulay ety ithe eeadaah disepeacaits OE OSU eS ieee rere mer 
Voltage passes through a minimum, accompanied by « rapid change Loa a Da ales AU re 
hase, but does not become zero as in Mig. 2. If the wire were mi coro) ‘apacities at the e1 » SI caps, elds, 


Sle Relea ks ona shields, outriggers, are equivalent, in their effect upon the current 
pose through its nogaaaSIBribution, to an elongation of the wite. \ 


alf-wave length long, so that the current would 
a minimum value, 


would be seen that the current also passes throug! 


r Met 1 
not Seine oe aispe of Fig. 3 is mene exaggerated so as to el Comet, W, Le, yee ununieation Engineering,” Chap. VI, MeGraw-Hill Book 
show the problem. In antenna systems the energy lost is so small 2 Witaorrn, Re M., Distribati ; ae LER 
respect to the enetzy stored in therm (very low atconvation of the cravelia Sansa". 1% At, psisibtion of Cunt in Teaneniting Antannnn ove TE 


G. Ws 
*w-Hill Book Company, Inc, New York, 1920. 


waves in the wire) that the current distribution is very nearly sinusoi 
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7. Antenna Potential and Potential Distribution. In the 
antenna insulation, potential magnitude and distribution must be 
culated. Potential distribution can be eulculated under the same 
tions that current distribution can be, which is principally those 
where the distribution is very nearly cosinusoidal. The actual vol 
at the feed point is the product of the antenna current and the an\ 
impedance. The pega at other points in the system are obt 
from the potential distribution with respect to the potential at the 
point for a given power input. 


8. Reactances of Linear Conductors. The reactance of a linear condi 
is given by the following formula:' 


X = -afh cot wiVie = ~% cota 


where X = reactance in ohms, either positive or negative, depending 
le a LC 
Land C = microhenries and miecrofarads per unit length of wire. 
calculating, refer to footnotes.'-*) 
@ = 2n X frequency 
%o = characteristic impedance. (Values range from approx. 750 
for vertical wire antennas to as low as 200 ohms for uniform 
section tower radiators.) 
G@ = electrical length of conductor. 


Nore: This formula, based on sinusoidal current distribution, is unreliable for 
of G close to 90 deg. and its multiples, and the error inereases as @ becomes very 


9. Radiation Resistance. Useful data are shown in Figs. 5, 6, 7; 


Resistance or Srraidur Vertical ANTENNA For Dirrerent V. 
or Wave Lenora Osratwep py INpucTaNce AT THE Base 


2/Xo ratio of wave length R, radiation resistance, 

to natural wave length [4 408: ‘ohms 
1.00 90 36.57 
112 80.4 26.40 
121 74.4 21.70 
1:31 088 17:65 
1143 or 14.28 
1.57 57.3 11.62 
174 57 9:10 
1.97 45.7 6.92 
2:24 40 5.19 
2102 344 3.78 
3.14 28.7 2.58 
3:93 23 1°65 
5126 71 090 
7.85 115. 0-30 
15:70 5.73 0.082 
81.42 2.87 0.01 


4 Radio Instrument and Measurement, Bur. Standards Cire. 74. 
2 Grover, F. W., Methods, Formulas and Tables for Caleulation of Antenna Cay 


Bur. Standards Paper 568, 
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For the theory and calculation of radiation resistance, see: 


Purouxens, A. A., The Radiation Resistance of Beam Antennas, Proe, T.R,F., March, 
4102%x, Ry On the Caleulation of Radiation Resistance of Antennas and Antenna 
Combinations, Proc, 1,R.E., August, 1931, " 

uw, W. Wand J. G, Buekenuey, Concerning New Methods of Caleulating Radi- 

‘ition Resistance, Bither with or without Ground, Proc. 1.8.2, December, 1936, 


8 % 


2 
8 


Resistanct 
3 


oT? s456TS39ONAZHMS 6 6 
Harmonic Order 


Radiation resistances referred to a current antinode for straight, 
free space and for straight vertical wire with lower end close to perfect, 


July, 1936. “ 
"Electrical Gvellations and Elcetrie Waves." Chap. IX, MoGraw-Hill 
pany, Ine., New York, 1920. 
Simeexcsorr, RvR. A General Radiation Formula, Proc. I.R.E., October, 1939. 

m. E., and J. Lanvs, Feldverteilung und Energieemission yon Richtantennen, Hoch~ 
¢ Technik und Blektroakuatik, Band 38, Heft 6, 1932. 


10. Self-impedance of an Antenna. ‘The impedance of an antenna, as 
een from the point where power is introduced, is usually complex. ‘The 
ive component is made up of the radiation resistance referred to 


Levi, eee ae 7 
Straigi 7, c. 3. . Field Distribution and Radiation Resistance of 
Mayet ve Volondai Anteuna Tndiatiag we One of ita Harmonics, Proc. 1.ReE, 


Sree 
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eed 
23456789 0 
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Fie. 6.—Radiation resistance at current antinode and field intensity 
mile radiated for a vertical array of colinear cophased dipoles." 
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F, millivolts per meter at on 
a po 


0 0 
© 40 80 120 160 200 240 280 320 360 
A,electrical length, deg. 
Fic. 7.—Radiation resistance and field intensity from simple vertical ante 
over perfect earth,’ 


1 Buows, G. H., A Critical Study of the Charactoristics of Broadcast, Antennas 
Affected by Antenna Current Distribution, Proc. 1.R.E.. January, 1936, 
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d point, the conductor resistance, and the ground resistance. ‘The 
_thefeve component. iy determined by’ the characteristic impedance of 
fieantonna, the electrical length and the influence of any tp, distributed 
themise loading. Any distributed capacitance duc to. base insulators, 
fotective gaps, drain coils, and any other devices that attach to the 
Metem neat the feed point transform the true antenna impedance to 


100 inelee 
0 TI 


80 


H+ 


0 L_J 
0 04 08 iz 16 20 2 28 
Height above ground, wavelengths 
Fic, 8.—Radiation resistance at current antinode for horizontal dipole over 
perfectly conducting earth.! 


Hew impedance which is the load actually seen by the generator at that 


Point. “We may call this point 


Zu = Ry £ 5Xo 
Tho power input to the system is 
W = [i2Re 
nd the potential across the load is 
E (volts) = LnZa 


1 Cam: % : hs eee 
Ant AZTEX: P. 8., Circuit Relations in Radiating Systems and Their Application to 
Mena Problems, Proc, RL, Juno, 1982. 
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Spacing in Wavelengths A 
Fie. 9.—Mutual impedance for parallel dipoles. (a) 
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b) 
MAG. 114 and b.—Magnitude and phase angle of mutual impedance veotor for 
identical vertical radiators. 
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Fra. 10.—Resistive and reactive components of mutual impedance bet! 
two quarter-wire vertical radiators. 
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2001AL_I [| 
0 02 04 lO Wi 
‘Spacing in Wavelengths 
Fia. 12.—Conditions for array of parallel dipoles. 


to 11 the data of most frequent practical value. For further informat 
consult the literature.* 

12. Radiation of Electromagnetic Waves from Antennas. Effect 
application of antennas to practical communication problems makes 
of special radiation characteristics made possible by the disposition 
radiators, their length, current distribution, current phase, and amplitt 
relations. The radiation characteristics are so intimately associat 
with the Physical and statistieal conditions of wave propagation that 
whole subject of propagation belongs with the subject of antennas. 
all antenna applications maximum effectiveness requires objective con 
of the distribution of energy radiated into space. 


‘Caner, P. S, Circuit Relations in Radiating Systems and Their Application 
Antenna Problems, Proc. .R.£., June, 1932; Brown, G. H., Directive Antennas, 

z uary, 1987; Ftsrouxons, A. A., The Radiation Resistance of Beam An 
, Mareh, 1929. 
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All radiation control is due to wave interference, and the space charac- 
teristics of antennas and arrays result from interferences between the 
fields produced by all the infinitesimal portions of all the radiators when 


\stHarmonic 3rd.Harmonic 5th. Harmonic Tth. Harmonic 


Nore: All Lobes have a common vertical tangent 


i) 
| 
Hi 
1 
1 


2nd.Harmonic 4th.Harmonic 6th. Harmonic 8th. Harmonic 
wik!®. 13.—Polar diagrams of relative field strength distribution for straight 
Antennas in free space with standing waves of current as shown, corre- 
oa ing to the operation at various harmonics of the fundamental frequency 
antenna. . 


martents flow in them. For grounded antennas interferences result from 
the {yefections from the ground (image radiations), and for this reason 
.flectrical constants of the earth have an important influence on the 


tion patterns. 
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In dealing with radiation patterns it is customary for reasons of p 
ticality to employ plots of relative or absolute field intensities, in eo 
venient units, to depict the magnetic field distribution at various poin 
on the surface of a hypothetical sphere or hemisphere when the ante 


is located at its center. Three dimensions are thus required to 5 
RSsss= 
NAS 
NSS 
Sey 


456789 ON 2 
Length of Wire inWavelengths 


Fic. 14.—Angles at which nulls and maxima occur for the various pattern] 
ig. 13. 


Fundamental Second Harmonie 


Third Harmonic Seventh Harmonic: 


Fia. 15.—Polar patterns of field strength distribution from vertical groundé 


antennas with current distributions as shown. 


space characteristics exept in those cases where there is axial symmett 
when two-dimensional figures suffice. Three-dimensional data are sho 
as paper or plasttr models, or as a family of two-dimensional 
Figures 13 through 18 show. various basic forms of radiation pa 
which are employed singly or in combination for radiation control. 


Canter, Haxsenn, and Lixpexprap, Development of Directive Transmitt 
Antennas for RCA Communications, Inc., Proc. I.R.E., October, 1931. 
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Fic. 16.—Polar patterns of the field strength distribution for vertical 
Antenna over perfect earth when the currents in successive dipole sections are 
tophased. Note that minor lobes never exceed the horizontal tangent to the 
major lobe. 


Grounded Antennas 


Ungrounded Antennas 


C$ ras 


Fie. 17.—Electrical images of antennas. 


. “Radio Engineering,” McGraw-Hill Book Company, Ine. 
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18. Calculation of Vertical Radiation Patterns from Vertical Ant 
above Perfectly Conducting Ground. A vertical doublet of infini 
length in free space produces a field which has a magnitude propo: 
to the sine of the angle @ from the doublet axis. In a vertical qi 
wave antenna with sinusoidal current distribution, integration of 
influences of all the doublets throughout its length gives a distribu 


‘See. 18] ANTENNAS 647 


i 


£ & & 


& 


Relative Field Intensity 
° 


— TI 
oy 0 0 © 0 6 9% 
Angle to Horizon,deg. 


Fic. 18.—Vertical field strength distribution for vertical antennas over 
fectly conducting earth, for various electrical heights @.* ~ 
only slightly flattened with respect to that for a doublet. and it has 


equation 


co) 


For a vertical dipole above perfect earth, 


= £08 (90° cos ) ¢os (H cos 8) 
S(O) a aed 
where // is the height of the current antinode in degrees above the ret 
ing surface, _ 7 
‘or any vertical grounded antenna with sinusoidal current distribut 
having a total electrical height G, 
cos (G cos 0) — cosG 


$(0) = 202 Geos 6) — cos G 


sin @ (1 — cos G) 


“14. Directivity Mis ea in the Horizontal Plane for Two Id i .) 

Vertical Radiators. ‘Two radiators, synchronously excited with 

currents, produce interference patterns which vary with the sepa 

of the radiators and the relative phase of the radiator currents. t Sy z 

thermore, owing to the influence of the mutual impedance upon the 2 = 8 
tors, the field intensities obtained will at some points exceed, ai 8 8 & 


other points be less than, for the same power input to one radiator 
1 Bnown, G, H., oe. cit. 


atterns for two radiators fed with equal magnitude currents taking mutual impedance into 
‘ireles indicate relative fields from one radiator alone with same power input. 


Co 


account. 
1 Brows, G. H., Directional Antenna, loc. 


Fia. 19.—Horizontal p: 
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‘The directivity patterns obtained for spacings and phasings over 
values of practical importance, drawn to a seale which shows the 
field intensity obtained with the same power in a single radiator, 
great importance in antenna calculations. Figure 19 shows such 
tivity patterns. 

15. Calculation of Directivity Patterns. For two radiators having 
currents, in terms of parameters A and BT, where 7 = time phase 

Sle) = {eos (FA cos d + *B)) 

For identical radiators with unequal currents, the resulting pattern in 


ty is ~ in Quodrant I 
* bps in Quadrant 
Position ofA token as OA, OT 


(@) 


Fig. 20a and b. 
of relative field intensities can be obtained from Fig. 20 and from 
Sa) = 1 +k cos (tz + >) + jk sin (ts + 9) 


where a = angle from the axis of the radiators 
= current ratio for identical radiators or the horizontal field 
for dissimilar radiators 
ts = angular difference in path length which 
—S cos 
S = radiator separation in electrical degrees 
= phase difference of Ia with respect to 14. 
All such patterns are symmetrical with respect to the axis of the array. 


(b) 
Data used in calculating directivity diagrams. 
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Where threé or more radiators are used with arbitrary spacings, phasings, 
and current ratios, the combinations become so feat that formulation must 
Safally be worked out for the particular case at hand. 


16. Three-dimensional. Radiation Patterns for Array of Two Identical 
Frequently two-element arrays are employed for directional 

fraps which case it becomes necessary to know the space 
ibarect A rough preliminary investigation of the three-dimen- 
sional distribution of field intensities in the horizontal plane, the vertical 
plane through the radiators, and the vertical plane broadside to the 
radiators may be quickly made in the following manner: From the 
terns of Fig. 19 select the horizontal pattern corresponding to 
the separation and phase difference to be used. From this pattern the 


Zz 


5 


Mia, 21.—Geometry for calculating space characteristic of two-clement array. 


Hirtical-plane distribution through the radiators may be found by. multiply. 
the upper half of the pattern (which lies above the X-axis) by the 
characteristic in the vertical plane for one of the antennas. hen 

to utiators are grounded quarter-wave elements, it is merely necessary 
(PeltiPly the radius vector at any angle by the cosine of the angle, 
‘orm this for the entire 180 deg.) Familiarity with this method 
fnables one to estimate the vertical-plane distribution immediately by 
tore’ tion of the horizontal pattern. For the vertical plane broadside 
We haxit2y the distribution is the same as for a single antenna, ‘Thus 


the following: 


the',The distribution in the plane through the radiators is the same as for 


Upper h i Folied by fatie 
5 ove ral ; half of the horizontal pattern multiplied by the characteristic for 


one pe broadside plane distribution is the same as the vertical pattern for 
Fadiator, 
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-3, Where there is suppression of radiation in line with the radiators in: 
horizontal pattern, there will be one or more lobes of high-angle radiati 
that direction in the vertical pattern. The shape of the high-angle lobes 
depend upon the vertical-plane pattern for one antenna. 

4. Where suppression of radiation occurs broadside to the array in 
hoeisontal pattern, there will be proportionate suppression at all vert 
angles. 

5. Where there is 4 maximum of radiation in line with the radiators in 
horizontal plane, there will be a flattening of the pattern over that of a si 
radiator, in the vertical plane, 

6, When the ratio of currents in the two radiators is oth: 
angles of maxima and minima occur at the same place, but the nulls and 
are less pronounced. As the current ratio appronches zero, the pa 
approaches that of a single antenna. 


than unity, 


To determine the entire space characteristic, it is best, first to caleul 
the horizontal pattern as described above and then to calculate a serie 
vertical-plane patterns at various angles to the array axis. As 
horizontal pattern is symmetrical with respect. to the axis 2-2’, so 
space characteristic is symmetrical with respect to the X-Z plane thro 
the radiators. Furthermore, the space characteristic in the half sj 
above the X-Y plane is symmetrical with that in the half space bel 
the X-Y plane. The geometry for use with the following formula for 
space characteristic in the upper half space, for grounded antennas 


perfectly conducting ground, is given in Fig, 21, 
Ho = (1 +k cos (u + 4) + yk sin (ty +°8)). 


os (90° 
COs 


(1 + 08 ty +3 sin tn} [ 


»] 
(Multiply only the scalar values of each factor.) 

In this equation W = field intensity in arbitrary units at an angle 
measured horizontally with respect to the 
through the radiators and the angle (b) above 
horizon 

kk = current ratio (equal to or less than unity) 

4 = total phase difference, in degrees, betwer 

from A and B in the direction (a) (b) 
ty = [(S' cos @ cos b) 
and (9' is the spacing betwoon radiators 
degrees) 
—2h sin b, where h is the height of the current 
node above ground, in electrical degrees 
4 = initial phase difference between In with respect to 
Nore. When the radiators are exact quarter-wave elements, the # 

becomes constant and can be ignored, Whén the radiators are considerabl: 
one-quarter wave length in height, the secorid factor ean be ignored and 
factor simplified to con b. 


The above equation is restricted to ‘those cases where the physical lengtl 
the radiators does not exceed one-half wave length, though the height 
radiators above ground is not restricted. 

To obtain the vertical distribution pattern for one radiator, ignore 
first factor and use only the second and third. 


17. General Solution for the Space Characteristics for Any Array 
Antennas Disposed in Any Manner in Three Dimensions. a view, 
the special nature of the general solution for extended antenna array! 
shall not attempt to condense this important subject in this work but 


t 


Tos 
the 
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merely refer the interested reader to the references below.' Extended 
Antenna arrays are extensively applied in h-f directive transmission and 
gre of great engineering importance at the present day. 


BROADCAST ANTENNAS, 550 TO 2,000 KC 


18. Prevailing Types of Broadcast Antennas. The old-fashioned 
forms of antenna construction, familiar for many years, are still largely 
used but deserve no particular attention from present-day engineers 
hecause they are rapidly being replaced by more efficient radiators. 

Brondcast antennas may be classified as follow: 


1. The high vertic ingle-wire antenna, suspended from a triatie between 
jorting steel ftowers (widely spaced), and having a fundamental 

y lower thard the operating frequency. 

he high single-wire T antenna, being similar to A, but with a relatively 

flat top, and operating above its fundamental frequen 


2. 
short, T ° ' 
8, The guyed cantilever steel tower, having a height somewhat greater 


than ono-half wave length, the tower itself forming the antenna conductor. 

4. ‘The self-supporting (slender) steel tower, having # height from one- 
ayer to more than one-half wave length, the tower itself being the antenna 
conductor. 

4. The single-wire vertical antenna suspended along the axis of a self- 
supporting treated-wood tower, and operating, in general, at a frequency 
touch higher than its fundamental. 

6. Directive antenna arrays of two or more vertical elements, designed 
gither to get more advantageous coverage where population distribution is 
imrogular, or to reduce interference in the directions of other stations that may 
bo on the sane channel, 


19. Progress in Antenna Improvements. The low multiwire with a 
large L or 'T flat top was the ordinary form of radio antenna for many 
rears and was used until recently for broadcasting. Since 1927 there has 

“en a rapid development in broadcast antennas, and their form has been 
Kroatly modified." The results sought are reduction of high-angle 
tadintion for the reduction of fading and greater efficiency giving larger 
Norview areas for a given power input. ‘The present commereial impor- 
on of broadcasting justifies a considerable investment in an improved 

intor. 
ai In terms of their characteristic current distributions and relative linear 
dimensions several types of broadeast antennas are represented in Fig. 22, 

# the height of the antenna increases, the position of the current an 

Node is raised above ground, which causes the high-angle radiation to 


othe The effect of antenna 
height 
Mtens; 


R. M., Directive Diagrams for Antenna Arrays, Bell System Tech. Journ, 
Steont, E., and J. Lanes, Feldverteilung und Energicemission von Richtan= 
requens Technik und Blektroakuatik, Band 88, Heft 6, 1982; Sournwours, 
tain Factors Affecting the Gain of Directive Antennas, Proc. 1.8.£., Septem 
MLK, M,, K. Kndann, H. Penni, and W. Prirzen, Radiation Measuro- 
Short-wave ‘Directive Antenna at the Nauen High-power Radio Station, 
fay, 1931. 
wand A. Gorne, Uber die Schw: 
E.N-T., Bund 10, Heft 4, 19: 
and H. E. Gutatxo, General C 


ndvermindernde Antenne des Rundfunk- 


ie nsiderations of Tower Antennas for 

By Cuampentarx, A, B., and W. B. Lopon, 

Antenna, Proc. Radio Club Amer., November, 1934; Laront, 
h Lower Antennas, Electronice, August, 1934. 


~ 
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coordinates, ‘The portions of the curves shown as negative field i ve been many temporar: i i i 
oordinate » portion: h fe field a ‘y theories and practices regarding the con- 
sities indicate radiations in a secondary (high-angle) lobe in whi guration of the conductors in the Baek system, but there i aCe 
direction of the electric field is reversed. For a str: ight vertical ant broadly speaking, a convergence of preference for the radial system with 
it is seen that, when the height of the current antinode exceeds an effective earth termination for each wire. Recent studies have further 
quarter wave length above ground, the high-angle lobe forms rapidly wed the need for a large number of very long radials, The more 
soon assumes a value unsatisfactory for broadcasting use because nearly « system of wires approaches a continuous metallic sheet of great 
ing. _For this type of antenna the 190-deg, length is about the m: tent, the better it is as a ground system, 
permissible," ns s ; The work of Brown! on the t i ime 

Since the previous edition of this handbook, tower radiators have Bond ryatems has sunbigshed defiee srry niet ‘ petite 
thoroughly proved in, but this involved a change from the o1 summarized, a radial system of 120 radial wires approximately one-half 
cantilever guyed structures, through the trial of broad-based self-suj ‘wave length long approaches very nearly the characteristics of an ideal 
ing towers, and finally to the uniform cross-section guyed or self-suy ground terminal, as shown by Figs. 23 and 24, 
ing radiators. he latter have reached the stage of optimum ek 240 ! 


formance, reliable mechanical design, and moderate: cost. T 
period most stations have constructed modern radiators and Number of radials=n | 
retired the supported-wire antennas, and many have installed di 220 Length of radialsI35f# (O4/2A) 
arrays of two to three radiators for minimizing interference and 
covering of local areas. Where airline routes have limited an' g 200 
5 
180 
mA / E 160 
14 \ |lassa 2 
i 2 = 140 
\ 2 
Ni 4 8 120 
«) (a) te) = 100 
Fi. 22.—Types of broadeast antennas. 3 
heights, top-londed and sectionalized antennas have been emplo; a & 
attain high efficiency and fading reduction.t = oo 
In the United States and Canada antenna heights have been g] 3 
oy regulations, the heights being worked out in harmony with the c= 40 | 
objectives of allocation and efficient utilization of facilities. G 
20. Ground Systems for Antennas. The importance of the 20 eee 
terminal for a radiating system cannot be overemphasized. / 
existed such a thing as a perfectly conducting earth, any sort of a 0 
connection to the earth would suffice for a terminal. Soils, and 0 10 20 30 40 50 60 70 80 90 100 
salt-water marsh, at best are poor conductors at radio frequencies. rr Antenna height, deg. 
ground system used with an antenna must make the best possible’ % 23.—Variation of field intensity with antenna height and number of 
h sceting mrcra clean - found = atetion site, oe few a 0.412 wave length radials. 
it was thought that a ground system had only to extend out) The Counterpoise. Where a buri 
tho t h 7 . ¥ uried ground system cannot be 
far as the limits of the induction field of the antenna, The major PBPloved, a counterpoise is frequently required as a high-capacity 


tion of the ground system as a reflecting surface for the down- ARS ; i 
waves from the antenna is now generally recognized, and for this Barong eye aan ae, mine considerations Which apply to 
aground system inust extend outward for a considerable distance. Slectric Gelds exist near the base of a radiator, a small counterpoise 
fs auil!2,*© Feduce the potential gradients in imperfect dielectrics, such 
Bdeguaig” {0% and thus decrease losses. Where ground systems of 
Me Systems. Le AS = ete ical, such as in 1-f radio range antenna 
Anteni E termj,.| ™'tively small radial counterpoises provide a stable ground 

Moruison and Ssrra, The Shunt-Exeited Ant x al 2 r P 
Ponmsow and Surre, ‘The Shunt-Exolted Antenna, Free. LEB June, J Brows 'd consequently stable radio range courses. Roof antenna 

Durrena, Measurement of Broadeast Coverage and Antenna Performance, RCA June. G. 

April and July, 1938, and April, 1939, 


H., Ground Systems as a Factor in Antenna Efficiency, Proc. 1.R. 
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installations which employ counterpoises of adequate area and 
clear other small structures usually found on the roofs of such b 
have shown good performance. 
For certain u-h-f antennas elevated counterpoises employing a 
of 4-in. mesh wire screen on a metallic framework have been exten 
used. “Typical applications are for fan.marker, cone-of-silence m 
and. web-f lour-cobires radio range antebnas for uso on the airway 
22, Antenna Measurements. Antenna measurements are theo 
cally simple, but skill and experience are required, together with 
instruments, to attain accurate results, It is for this reason thi 


240 
Number of radials = WZ 
‘Length of radials» (ft) 


Theoretical 
"ps 


0 
0 0 20 30 4 50 
Antenna height, deg, 


G. 24.—Variation of field intensity with antenna hi 
: in a 113-wire ground systen 


60 70 80 90 100 


ht and length of 


FCC specifies that such measurements, to be submitted to it for ap) pro 
must be made by a qualified person with approved instruments of kn 
accuracy. The practical difficulties of measurement increase with 
frequency. 

Resistance, Approved methods of measuring antenna, resistane 


described in Radio Instruments and Measurements, Bull. 74, of the U 


Bureau of Standards. (This may be obtained from the Superintem 
of Documents, Government Printing Office, Washington, D. C.) 
low-impedance antennas ordinary precautions may suffice, but for i 
impedance antennas of the order of several hundred ohms extreme 
and occasionally special methods are employed for reliable results 
is well to nepent measurements two or three times with new setups b 
certifying the accuracy of the data. 
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Radio-frequency bridges are now available and, with proper manipula- 
tion, lend themselves well to antenna measurements. Resistance and’ 
on n both be measured directly. For low-impedance antennas, 
ight bridge methods are useful. For moderately high impedances a 
gubstitution method, where the unknown impedance is connected in 
lel with one arm of # balanced bridge, is required. One serious 
Beewback to bridge measurements in antenna circuits is the susceptibility 
inaccurate balances when stati 
interference from other stations in th 
gmothods of measurement are essential. 

Asimple method for measuring antenna resistance and reactance of a 
‘very high-impedance antenna is the following: Using an ordinary wave- 
meter of the p jon-absorption type equipped with a thermoammeter 

acalibrated condenser, adjust the wavemeter to the desired frequen 
and bring the oscillator into tune at this same frequency. Couple the 
Wavemeter to the oscillator until full scale deflection of the ammeter 
results, One side of the wave- 
meter (the shield side) should be Sigh Impedance 
Antenna 


grounded to the regular antenna 
ground system. ote the setting xs Absorption Precision 


levels are high and when there is 
local: In the latter case power 


of the variable condenser and the = 
xnct meter reading at resonance. L frernter 
n connect the antenna down- 
d to the ungrounded side of the 
Miwemeter as shown’ in Fig. 25 4 
and retune the wavemeter for Wavemeter 
Maximum current. Note the Resistance 
Mlenver setting and the new  ¥yo, 25.—Antenna monauring cireuit. 
er reading for this condition, 
aor the antenna resistance, the lower will be the ammeter reading 
the antenna attached, Also, if the antenna has an inductive 
ope 1 the particular frequency, the capacitance of the wavemeter 
Ty ay : to be increased to restore resonance, and vice versa. 
is, oy stitution, known standard values of resistance and reactance 
isame ® connocted in parallel with the wavemeter to reproduce the 
Series of adjustments and readings as observed, first with the wave- 
> ‘alone nd then with antenna attached to it. The resistance and 
to tes 5S ie whieh reproduce the antenna values precisely are equal 


The he antenna, 
la 


=4! Calibrated 
Condenser 


re wutions to be observed in using this methcd are as follows: The 
perms be of sufficient power output and regulation as to be unaf- 
dfor site, Presence of the wavemeter; the standards of impedance 
Substitution must be essentially free from stray eapacitance when 
for use, for small values of stray capacitance can seriously 
ne of the results; the readings and adjustments before 
adding the shunt impedance must exactly duplicate those 
ow the process of measuring the antenna. 
fe. ameter resistance is accurately known, the unknown antenna 
ez t terms of resistance and reactance, can be calculated, 
fustomary, in view of certain difficulties in making antenna 
nts, to ensure greater iracy by making a series of such 
nts over a considerable range of frequencies. Individual 
Averaged out by drawing a smooth curve through the values 
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as plotted out in graphical form. Antenna resistance and react 
meastirements over a wide band of frequencies are often invaluah 
analyzing the action of an antenna, as well as for predetermining 
proper cireuit constants to he used for tuning it or matehing its impeda 
to a given transmission line. 

Reactance. When not measured direetly with an r-f impedance brig 
antenna reactance can be measured by resonating the antenna at 
desired frequency, using a calibrated inductor or capacitor. At 
nance, the antenna reactance is equal and opposite in sign to that of 
tuning deviee. 

Fundamental Frequency, Connect the antenna directly to gro 
through an r-f current instrument of adequate sensitivity, and coup 
variable-frequeney oscillator lightly to the system by proximity o 
Search for the lowest frequency at which resonance is indicated } 
maximum current. 

Direct Power Input Measurement. This measurement, is depen 
upon an accurate measurement of antenna resistance and the use 0 


_ Radiator 
4 


Fra. 26.—Equivalent cireuit of two radiators coupled by radiations 
ammeter of suitable accuracy located at the point where resistant 
measured. The power is the product of the antenna resistance and 
square of the entering current. In all probability direct-readin 
wattmeters will be commercially available during 1941. 

Mutual Impedance, Mutual impedance can be measured only 
rectly. Where conditions permit, the method is to measure the 
impedance 4), of one radiator (assuming both radiators to be ident 
with the second radiator first open-circuited, and again Z, when 
latter has been grounded, From these two impedance measurem 
the mutual impedance is calculated. Where more than two 
are employed, such a measurement is required for every combinati0 
radiators taken two. at a time, with the other radiators open- 
so that they do not affect the pair under measurement by reradiati 


‘The equivalent circuit of two radiators coupled by radiation is shot 
Fig. 26. From this figure 

In = VE = Ts 
‘The accuracy of this method is enhanced by tuning out the self-reatam 
each radiator before measuring Z; in terms of Ri +jX1. When this is 


—R PF, 2RnXm 
Zs = Ri +51 oo - 


With Rix, Ri, and X; measured, the two terms above can be solved simul 
ously for Ry and X». 


| 
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Vertical Radiator Self-impedances. Resistance and reactance 
“wasurements on a 400-[t. vertical uniform cross-section tower haying a 
\ insulator capacitance of 30 uf are shown in Fig, 27. The resistance 
nd reactance of a slender tubular steel mast are shown in Fig. 28. 


1000, 
200 }— 
600} —+ f 
500 - 

2400 


6,300 


a Sen 


8 
Ss 


Resistance and reactance. 


ae 


Li 
20 0.25 0.30 035 040 045 0.50 0.55 0.60 0.65 0.70 0.15 
Antenna height 4 , wavelengths 


reactance, and characteristic impedance for WWJ uni- 
form cross-section 400-ft, tower. 


{4 Coupling and Feeder Circuits Used for Broadcasting. Antennas 

i her fed directly from the transmitter, or at a distance from the 

The miter by using some form of radio-frequeney’ transmission line, 

umeei2H types of lines are used, listed roughly in order of their 
vice: 


Approxi- 
mate Zo 
235 


devin f ise ie 

Lire open line with 2 opposite wires grounded, . 
Concentric tubular tines. e . 
balanced: line, 
balanced line (ini 
need line. . 


lé wire grounded), 


in the system. For single-end 
‘e usually, L networks of reactive 
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of the value of Zo (arbitrary) at the operating frequency. This 
tance must be accurately known so that its reactance can be 

ined and used to find the proper current through this condenser at 
ie when the termination is correct. J, = Eo/X.. _ . 
Knowing now the values of J, and I., we can take their ratio, [e/Te 
by inserting matched ammeters in series with the line at. the 
yatrance to the termination and in series with the capacitance leg of the 


elements are used to match the antenna impedance to the line imped 
Where balanced lines are used, the balanced to si gle-end impe 
matching transformation is usually accomplished by inductivity 
circuits. In any case the adjustment of the terminal network fo 
mination of the line is another case where skill and proper instrum 
are needed. 

Figure 29 shows the simplest coupling circuits, their theory 
single radiators, and where the phase shilt through the network isimn 
rial, In directive antennas where a given impedance match mush 
made with a specified phase shift, a three-element network is requ 


for fe 


1200, 

1109] . 

10 
ele 
E 900 
©. 800} 
8 
§ 700 EZ, 
s =f) 
= 600 OL Ant Zy Z, (usually complex) 
: cn inductive) @ Where R4<% 
§ 400 - 
3 0 Reactance | A 
8 200k. (capacitive) —_4 

100 — 

) wal 5 

50 60 70 80 90 100 110 120 130 140 150 160 110 180 190 20 


Height G, deg, 
Fic. 28.—Mensured resistance and reactance of 150-ft. vertical tubular 
antenna having a base insulator capacitance of 85 ppt. 


TL, Zo (resistive) 
£7 


The values of the circuit elements are calculated after the ant 
impedance and the characteristic impedance of the line have been 1 
ured. ‘The required reactances are then set to specified values, and 
corrective adjustments are made to obtain a perfect match. 
impedance bridge is very convenient for this purpose. 

For the balanced line, an impedance bridge, being a grounded d 
for one of the unknown terminals, is less useful. The following met 
of adjusting terminal impedances for balanced lines is simple, ace 
and rapid and requires a minimum of equipment. é 

lenlate or measure Zo. Calculate the line current for any Pabown inf 
power from Ip = +/W/Zo, and the voltage across the termination U i 
this same condition from Ey = +/WZ. If a tank-cireuit termin 
is used, with inductive coupling to the antenna circuit, choose a ¥ 
of capacitance across the line which has a reactance of the order of 


Ant 4-44 (usually complex) 
‘A 
@ Where R,>Zo 


Fic. 29.—Coupling circuits and vector relations. 


it, when the proper termination has been 
-/To, previously calculated, must prevail. ‘To obtain a 
ity power factor, the tank circuit must be close 

nt adjustment. After inserting the ammeters in circu 
2. 30, apply power (the amount is unimportant at this stage, 
ductane® ‘tio 1./T5 is independent of power) and adjust the primary 
and 7° “ntil the line current Z» is minimum, at which time the values 
Coup)’ Observed and the ratio calculated. If the ratio is too high, 
pling is too loose or the impedance of the antenna circuit is too 
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high. If the former, add more coupling turns or otherwise toftheantenna. For that reason, shipboard antennas have been but 
coupling between tank and antenna circuits; if the latter, deere Muntly modified in many years. ‘The outstanding change is the gradual 
reactance of the antenna circuit by increasing inductance for a cap fbandonment of multiwire forms for the single wire. 
antenna or decreasing capacitance for an inductive antenna (both as Large vessels in the passenger business now have several transmitters 
ing that the antenna is not resonant). Retune the tank circuit jg (heir radio rooms, For long-wave ship traffic at moderately high 
again measure the ratio of currents. If the ratio of currents is to wers the ship's antenna has a very short. electrical length, which gives 
the opposite procedure is followed, i.c., the coupling is reduced {nearly uniform distribution of voltage throughout its length. Such 
antenna impedance increased, or both. "By discrete steps and by & fntennas must be insulated equally at all points. 
adjustments, the exact ratio [-/Io is q For intermediate-wave operation, ship antennas have fairly good char- 
attained. The final test of correctness. goteristics and efficiency. ‘The antennas on the larger ships have funda- 
measure simultaneously the current in mental wave lengths somewhere near the intermediate marine band, so 
ae the line. These currents show that they operate essentially as quarter-wave systems. For h-f telegraph 
equal, 


25. Adjustment of a Directive A a 7o 250! s r70' ~»7o 
Array for Broadcasting. ‘The proper de Memes isin Attar Section 6 Main (Forwaray Toremast 
a diroctive array indfudes the ealaull = 7 
the desired radiation pattern in terms of 
t izable field intensities, which in turn d aes 


upon the amplitude and phase relati ot 
4 of 
tween the radiator currents, the sel 

Ea rio, _ mutual impedances, and the power inputs 
Fic. 30.—Antenna ad. * ty 

input impedance to each radiator mu 
, be calculated from the operating con 
of the array, which permits the division of power between the 
to be found, : ; 

‘The next, tap is the design of the transmission lines and their eo 
networks which effect the energy transfer at each radiator and 
match the radiator input impedance to that of the line with the 
phase shift which, with that due to the time of propagation over th 
will bring each radiator current to its precise amplitude and phase, i 
is done as a preliminary step only. 

The adjustment, of such a system to realize a specified perfor 
requires that, the above sequence of conditions be reproduced phy! 
‘Thus the first step is to measure the self- and mutual impedances alt 
radiators are constructed from the design data and to recal 
fapne aa pedanoee: to the radiators from these data, ‘ Then, a Rio, 31.—Marine antennas (88, “Washington” and 88. 
made to ae me ously ee values instrumentally, with uf ane i ripe quite the pee practice to use the main ship antenna, 
accuracy, The performance of the system is then verified by:me: “ng it at or near one of its harmonii ; arte 
the current an their phass® and finaly by measurement ofthe in rpg yo used on some of the best-known American ships is that shown 
whic consists usually of a plot o! el ield-inten y m poo. iis not only permits utilizing the main antenna for all the 
Wienth praca oa tunvalle Uden: SElokG ire eae ee pera, (Toquencies but proviienaiosny dh oak means fareinolsan etiety 

© fi shni atics i ysical measurelil i the short-wave 4 adinte-wave jitters. F 
the finest technique of theoretical calculation and physical measui Touav op sear Wie een avsy Roo hae 

MARINE TRANSMITTING ANTENNAS Hajpye> beving commercial telephone services usually employ separate 

26. Limitations to Shipboard Antennas. here has been little ll tire pt’ dipole antennas fed by terminated transmission lines. 'Thesi 
in the design and construction of shipboard antennas for the reaso ed anywhere on the ship where there is space, frequently using 
there is little choice available. The limited space and the pres . # Support, and. often suspended by means of insulator strings 
stacks, derricks, ete., place severe limitations on the mechanical aff triatic of the main antenna. Where a half-wave dipole antenna 


dl, it is a ry 

fi » It is necessary to have a different antenna for each operating 

pniakous BA. Graphical Network Synthesis, Broadcast News, January, Ju agency i ” a 
nowN, Ge ective Antennas, Proc. LR. January, 1987, 27, : : . 
*Monuisox, J. P., Simple Method of Observing the Curren Amplitude and OVer'p,; {MMA Characteristics. Shipboard-antenna characteristies vary 


Relations in Antenna Arrays, Proc. 1.2.E., October, 1937. Xtremely wide ranges because of differences in mechanical forms 


Emergency Antenna _ 


justment. 


HE Recoiv 
‘deena 
Indlvidval Break-In 
Relays ineach 
Transmitter (Except HF) 


Manhattan”), 


Mount 
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and dimensions, the effects of other conduetors in the field on the anj 
the nearness of stacks, ete. For example, antenna resistances i 
intermediate- and long-wave bands range from 3 to 10 ohms. 
capacitances range from 400 to 1,200 yal. Fundamental wave ler 
range from 200 to 500 meters. It is dilfieult to specify typical ant 
characteristics beyond these figures. 

28. Construction of Saip Antennas. The essential mecha 
ments for an antenna design are extreme ruggedness 4 
all the severe weather conditions met at sea 
stranded cable is employed for the triatic, preferably for the 
antenna, The use of an inverted L or a T is principally determi: 
the layout of the ship and the location of the radio room with 
to the antenna, Regular ship-rigging construction is employed. 
antenna must be easily lowered and raised. On some ships the ani 
must be lowered to permit operating the derricks, 

The essential electrical requirements are as follows: 


1 
ad reliability 
Heavy. phosphor-bi 


1. A maximum of antenna 
Maximum possible cles 
reduce losses by induction. 
8. Liberal high-voltage insulation throughout the length of the ant 
including the deck insulator. 
4, Avoidance of sharp points, broken strands, or V-bends which 
me corona discharge points. 

5. Positive firm electrical connections between different sections of 
antenna and at the entrance bushings. 
6. The use of a single-wire system. 
7. The avoidance of the use of hemp guys and stays at points of 
potential gradients near the antenna wire and insulators where rapid di 
ration due to burning would result. 


20 for a given available space. 
nee of ship's rigging, bridge, stacks, 


bes 


29. Shipboard Receiving Antennas. A separate wire receiving ant 
is now common practice on shipboard for short-wave reception. 
intermediate- and long-wave reception the main transmitting antem 
quite generally used, connection of the receiver to the antenna 
made through a break-in keying relay when the transmitter is not act 
transmitting, and to ground when the transmitter is exciting the ant 

‘The sense antenna used in conjunction with the direction finder 
separate wire and used only for that purpose. 

Broadeast receiving antennas may occupy any rema 
able on the ship. 


NON-DIRECTIVE ANTENNAS FOR H-F TRANSMISSION 

30. Types of Antennas in Current Use. Antennas for the ci 
diffusion of energy at high frequencies approach very nearly the fi 
mental ideal forms. For a given form of antenna for a given perforn 
the mechanical size is proportional to the transmitting wave I 
and when this becomes comparatively short, the mechanical aspee! 
the problem become very simple. 


Mg Space a 


1, A fundamental and widely applied form of h-f transmitting anten 
the half-wave dipole. It can be employed in a variety of ways by ch 
its orientation in space and its position with respect to ground. When k 
in hypothetical free space, its electrical values are constant; but, when k 
within a few wave lengths of real earth, as in practice, they are influen 
orientation and position. 
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gipole transmits vertical 
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y with respect to the surface of the earth, a half-wave 
; polarized fields in every direction. When mounted 
Melly, the radiated Reld is horizontally polarized in any direction per- 
scalar to the antenna wire, while it is vertically polarized in the directions 
PPihe wire. In intermediate directions the fields will have both vertically 
eid horizontally polarized components, a state called elliptical polarization. 
conditions have # bearing upon the propagation characteristics of 


When placed verticall 


| fadiation in different directions. 


OA second fundamental type of h-f transmitting antenna is a straight wire 

rated at one of its harmonics. Where one antenna is used for both |-f and 
jaf transmission, as on shipboard, we have a case where, at high frequencies, 
the antcnna may be several times the length of a half wave. If such an 
$ntenna is vertical, the radiation is uniform in all horizontal directions but of 
fapidly varying intensity in the vertical plane. The general characteristics 
fare discussed and descr bed in a proceding section. aS 

3. A third important type of non-directional antenna for h-f transmission is 
the vertical wire with the current in adjacent dipole sections cophased. 
Instead of the current-distribution characteristic of the antenna operating 
at n natural harmonic, where the current in each successive half-wave section 
is reversed in direction, this antenna has currents all flowing in the same 
direction. This is achieved by using antiresonant coils or networks at each 
current node in the system except the extreme ends. A vertical antenna of 
this type produces # high degree of radiation concentration at angles close 
to the horizontal, a characteristic of great value in efficient long-distance 
transmission. 


81. Feed Methods for H-f Antennas. 1. Pure Current Feed. A 
halanced current-feed system for energizing a divided half-wave dipole 


A 
—at \ 
\ 
ey 
¢b) 
current distribution on 
antenna ond feed lines. 


Fic. 32.—Current feed for half-wave dipole. (a) For balanced line; (b) for 
balanced terminated line. 


is shown in Fig, 32 in two forms, where (a) is for the use of a balanced 
Seillating transmission line throughout and () is for a balanced ter- 
thinated transmission-line system, the termination being made by means 
$f connections to proper points on a balanced quarter-wave transforma- 
Mion section, 

Pure Voltage-feed System. ‘Three forms of the pure voltage-feed 
*Ystem are shown in Fig. 33, where (a) is the balanced system using 
Msonant line feeder, (b) the unbalanced system using resonant line feeder, 
ad (©) balanced’ system with balanced terminated transmission line, 

‘ntenna impedance being matched to that of the line by means of a 
tmenant line transformer. In the case (b) the feed line can be a concen- 

: tubular system, the antenna being connected to the inner conduetor. 
Voltage Feed Nes Terminated Concentric Transmission Line. A 
tre it of voltage feeding a half-wave dipole from a termi 
the {f#2smission line is represented schematically in F 
fo qooncentric line is 


ta) 
Nore: Dotted lines represent 


in Fig. 34. 
ntri nade to have a characteristic impedance equal 
¢ radiation resistance of the antenna at the current antinode (73.2 
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ission line in_an antenna by means of 

inating a balanced transmission line in a y C 

termini inductance and capacitance, ‘The antenna has a certain 

demplex impedanee when viewod from any given feed point. To mnatel 

tomfrapedanice to the line impedance; a suitable transforming networ 

this . 

forigned. 


ohms, if the antenna is several wave lengths above ground), A 
one-quarter wave length long, projects beyond the end of the 
conductor parallel and close to the extension of the inner conductor wl 
continues on to become the antenna. — If there is essentially zero-radial 
resistance due to the opposed quarter-wave sections, these act as a ty 
formor to transfer the radiation resistance at the current antinode of. 


DIRECTIVE H-F TRANSMITTING ANTENNAS = 
ineeri x t at its best. 
s branch of engineering we find the antenna ar best 
Pate ed by ‘serious’ mechanical obstacles, full advantage maybe 
liken of clectrically long radiators, and extended arrays of many’ such 
faints, or obtaining a very high degree of radiation concentration in 
desired direction. Present-day h-f directive antennas project a beam 

a electromagnetic energy which is analogous in fact to the beam of 
Bit th ited vari f { antenna arrays which 

i the unlimited variety of possible forms of antenna array 

arvetiitable for use in directive rad\o transmission, experience has brought 


i pes which have exceptional electrical per- 
about « selection of a few types which : WES 
sh Are: ted ines esaset “°) formance and which at the same time havo other advantages such ax 
tential distribution on low initial and maintenance costs, ease and stability of adju: ” 
‘antenna and feeders, 


physical ruggedness... It seems that each of re ano earns bi wld 
engineering organizations of the world has evolved a sys Pep chao: 
¢ find such distinctive systems as the Marconi-Franklin beamy the 
Telefunken “pine-tree” antenna, the SFR-Chirei Mesny diamond-erid 
radiator, the A. &T. Cee Satan curtain, and the RCA bi 
side, and harmonie-wire end-fire projectors. fae 
The principles of modern directive antenna arrays are easily grasped, 
nee the mechanics of wave interference are understood. | However, 
the detailed design of any one of these systems is an epaineatios ee ot 
formidable proportions. inal adjustments and corr on pete: 
tion must be kept to a minimum, because of the great oe a pA rane 
ing even minor changes once the rigging is complete. Tn esi ae 
this sort experience plays a prominent part. The shen os asp a 
ff design have been discussed in a number of papers, of which some are 
listed in the bibli 2 é 
BS, Gale of DeaeS Antennas, When the radiant encngy (wh 
ith s simple antenna, would be widely diffused in space in every direc 
tion) is coliceted and focused into a narrow unidirectional beam. 8 
fitestive army, thore is a gain in effective power of transmission in the 
git direction, “Gain is, usually reckoned in comparison with the 
ld intensity from a single half-wave dipole located at the mean height 
Of the array, On this basis some present-day directive arrays Bare 
ins os high as 22 db or a power gain of 158, "Increases in gain rei 


Fic. 33.—Voltage-feod systems (see text p. 663). 
antenna to across the end of 
ing the latter. 

4. Terminated Transmission Feed. 
to obtain a satisfactory termination of an open-balanced transmis 
line by connecting the extremities of the line directly to the antenna 
as shown in Fig. 35. ‘The connections are made symmetrically to 
foe on the antenna which show an impedance as ni 
ike that of the characteristic impedance of the transmi ion line. 

—s4 spreading the wires of the feed line to bridge: 
proper impedance in the antenna, there result 

change in the characteristic impedance of the 
Ya in that portion which makes a perfect terminat 


the concentric line, thus effectively termi 


At high frequencies it is po: 


(3 i vith the 
Ds 16.3 7M increases in the radiation area of a broadside array, and wil 
Use of Fic. 35.—Method of con- ERE of a havnconie ‘rive array, i aad 
quarter-wave wiro as nocting line to radintor. B. Typical Hef Directive ‘Antennas. ‘Tho following, description of 
matching trans- ‘a 1 : i ypes but is 
former. '¥pical directional antennas does not exhaust the various types bu 

‘ . ‘ 5 ‘, TMpresentativ 
theoretically impossible, though satisfactory practical adjustments 


obtained. ‘For optimum line 


balance, exact symmetry of connectio! 


: ‘ ‘The schematic electrical 
RCA Model A Broadside Antenna. ‘The s¢ 
ined. n exact symi a fiteuits are shown in Fig. 86... ‘The system consists of a large number of 
required. | The location of the connection points is critical, The adj Fertioal pairs of colineay wires arranged in a plane and energized from a 
Mound occPentlent upon the location of the antenna with respect MM fea tr," transinission line) running through the middle. ‘The feed bus 
ground and other conductors, the effects of insulator caps, ete. (transmission li 


agate ny Devel; t of Directive Transmitting 
matter, Hay nd Lixpexutap, Developmen 
Antomat®, Hasse, and Ln 


‘or RCA Communications, Ine,, Proc. 1.R.E., October, 1931. 


5. Other Methods of Terminating Open-wire Transmission Lines 
Antennas by Means of Networks. There remain several methods 
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has the series inductance and the parallel capacitance neutralized 
to have the character of infinite phase velo i 
are thus energized in the same phase, and the 
transmission is normal to the plane of the radi . In this syst 

r-all length of the radiators is 0.225 w: he spacing bet 


Shnihil 


Fic. 36.—RCA model A broadside antenna. 


ude and direction of the major radiation lobe changed as the length of 

wire was increased. In this system, where each radiating wire is 
$wave lengths long, the major lobe has an angle of 17.5 deg. to the wire, 
gndall secondary lobes are of relatively low amplitude. By’using another 
fadiator parallel to it, spaced 0.872 wave length and energized in opposite 


radiators is 0.125 wave length, the maximum length of bus on each 
of a feed point is 1.5 wave length, and the volt-ampere ratio bet 
bus and radiators is 5. Such a system can have any desired length 
progressive improvements in gain d directivity. Another ident 


Fie. 38.—RCA model D antenna, 


Pitse, one side of the forward and one side of the backward radiation 
i are eliminated. By adding two more such wires as reflectors (mak- 
of. now four parallel radiators spaced 0.436 wave length and staggered 
9.181 wave length), the backward lobe is eliminated and the radiation 


(b)-Wires in Horizontal Plane 
Fic. 37.—RCA model B and C harmonic wire antennas, 


Fre. 39.—Pattern of Fig. 38. Ls 
array in a second plane ean be used as the reflector for unidireetit PomCentrated i me . ‘ i 
iene, Gui with oe bay with drely energie roel Mma ane “yon sharp orean Wbe,In the model B the ie 
pproximatély a 4 A 7 wave vit ie i i 

2. RCA Models B and © Harmonic Wire Antennas. ‘The geomet mite horizontally nak ing once Wane oa ental plane ane 
these antennas is shown in Fig. 87. It was seen in Fig. 14 how the “Mele half-wave dipole are approximately 12 and 12.4 db, respectively. 
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3. RCA Model D Antenna.’ The layout of the model D proj 
(one bay) is shown in Fig. 39. In this system, two major radiatioy 


669 


ged ns shown produce a bidireétional beam broadside to the array, 
which usually consists of 48 energized vertical pairs. AS a reflector 


fone from each side of the V) have a common direction and jeurtain of insulated half-wave dij oles is placed one-quarter wave length 
A unidirectional 


sach other while the other two lobes are canceled, as in Fig. 39, By aaurid the array, excited by the bac 


vard radiation. 


ing another V to the rear as a reflector, the backward lobe of Fig, jeam is obtained in this manner. Owing to the lower current amplitudes 
removed, giving a very sharp unidirectional beam of radiation. TI jn the reflectors as compared with those in the directly energized radiators, 
a gain of 16 db for one bay. With two sections the gain ine Bits 
approximately 19, with three to nearly 21, and South North 
Sub, ‘Tie lant Rigas in & powar entae of 156 aver that fore alm al [ho iit 
wave dipole, In practice the point of the beam is focused at ap 8£.9| { 
mately 14 deg. above the horizon. | | 
The reference! contains a complete engineering and theoretical T 
ment of the development of these antennas. F 
| || A 
2 | Ls haateh 
200 220 240 260 280 300 320 MO 360 20 40 60 80 WO 120 0 180 


‘Azimuth, deg. 


Mm. 


Fra. 40.—Telefunken directional antenna. 


4. The Telefunken Directional Antenna. The arrangement of 
antenna is shown in Fig. 40.2 It consists of 64 horizontal dipoles im 
vertical planes of 32 each. In each of the two planes there are for 
of eight dipoles end to end, The two planes are separated one-q 
wave length, and the second (reflector) is energized by radiation fro 
first. The dipoles are voltage fed from the potential antin 
balanced resonant transmission lines, uniphasing being obtaint 
attaching each successive pair of dipoles to alternate wires of the # 
mission line. As with all horizontally polarized wave systems, 
zero electric intensity along the ground, but the beam peaks in the vi 
of 10 deg. above the horizontal, with a secondary lobe of 25 per cent 00] 


shown in Fig, 41. 
5. T. Walmsley Antenna of the British Post Office. In Fig. 
shown the elements of the Walmsley beam antenna. ‘The 


i ci 


1 Ibid. 
2? Baumuer, Knvosr, Paxpu, and Prrrzer, Proc. I.R.2., May, 1931. 


Fig, 41.—Horizontal pattern of Fig. 40, 


Sh Fra, 42,—Walmsley beam antenna of British Post Office. 
intensliy mascimtm 46 40 deg” The horizontal poetern aa te tagtsed dipoles in series, and another curtain of reflecting wires of the 


eee 


ESAS: 


there is not x complete suppression of backward radiation, and there is a 
backward lobe with an intensity 22 per cent of that of the forward 


6. Marconi-Franklin Beam Antenna. ‘This antenna system, one of the 
first employed for high-speed short-wave point-to-point commun 
fonsists of a front curtain of vertical radiators, each consisting o| 


tion, 


f several 


fre {y¢0"struction situated one-quarter wave length to the rear. There 
Xei4.)°° 28 Many reflectors as radiators. The reflectors are radiation 
In plan’ view, two reflectors and one radiator form the points 

teral triangle. Cophasing of successive radiating dipoles is 
y winding the intermediate half-wave sections (wherein the 


670 THE RADIO ENGINEERING HANDBOOK [Se 


Sec. 18] ANTENNAS 671 
currents are reversed) into a small non-radiating coil or web. 
are energized by radiation from the front radiator curtain. 
array has a gain of approximately 18 db. 
7. Chireia-Mesny (French) Beam, Another carly type of dire 
antenna for short waves is that used in France, shown schematic: 
Vig. 43. Each dipole s 
CXKKKXD Parasitic Radiator forms one side of a square. 
currents in all the dling 
i ‘ have cophased vertical 
Primary Rectiator horizontal components, 4 
ae ilar reflecting sheet is 
Parasitic Radiator one-quarter wave length bel 
f the radiator sheet and is 
H gized by radiation to give 
essentially unidirectional 
To Transmitter tern broadside to the pli 
Fic. 43.—Chireix-Mesny beam. the radiators, 

Sarai aah 2 8. Bell System-Sterba 
tive Antenna Array. This system, used for some time in the 
atlantic telephone service on short waves, is a barrage ant 
employing a front curtain of several vertical radiatoi 
half wave length, with uniphased currents, and as 
curtain directly excited by transmission lines, One arrangemen 
an antenna of this type is shown in Fig. 44, together with tr 


¢Reflector Curtain * Radiator Curtain, 


the unbalanced horizontal wires at top and bottom is reduced to negligible 
portions by having equal and reversed current areas, the eurrent nodes 
feouring in the middle of these horizontals. In the typical design (two 
buys supported hy three steel towers), 
gains of approximately 20 to 23 db are 
whieved. 
BA. Loop-type Directive Transmitting 
Antennas.. The principal’ use~ of loop- 
transmitting antennas has been in con- 
nection with radio beacons for guiding 
ships and aircraft. Some applications 
wre described in Section 17 of this 
hnndbook.' 

35. Mechanical Design of Directive An- 
tenna Arrays. ‘The mechanical design of a 
directive array for high gains is as remark- 
able ns the electrical design, Dimensions 
of electrical portions must be rigorously 
correct and must remain so, even under 
conditions of severe wind and ice londing. 
High-gain broadside projectors are com- 
plicated webs of cond 
wires, 
cultivated only by 


ppor' 


[fietes | cet) Seer ae (Ieee 


Atneral practice is to locate the active po 
tions of the antenna at a mean height of 
the order of 1 wave length or mor 
I Antennas employing vertical radiators com= \ \ 
a 5 Posed of several colinear half-wave section as. A \ 
feguire towers sometimes pproaching in 1 
) eight those used for broadcasting applica i 
= 4 Anis: . Tower designs often include a cross / 
Tf if of suf ent longth to permit hanging 
b radiator ¢ in fr e id the Vy 
: et, rfc rtain from one end an 
Phase Shitter Tho vi 
he su 
short 
\ Beam Deflector gat oe eter 
= lain Fic. 45.—Current distri- 
‘Parallel Wave Suppressor Of ent bution in barrage antenna 
= To Radio Transmitter te 0 1 banel: 
Fic. 44.—Barrage antenna of vertical radiators, i ee ,, Means for equalizing tensions in all parts of the rigging aro 
ani 


mission lines, phasing devices, protective items, and slect-melting cire 
‘The unit element in this array, as shown, isa panel 1,5 wave lengths 
and 0.5 wave length wide. The current distribution ‘for one type of 
is shown in Fig. 45. The crossovers constitute balanced nonradi: 
lines, while currents in all the verticals are uniphased. . Radiation fi 


1 
Win RNOND. Hand F, G, Kear, A Twelve-course Radio Range for Guiding Aircraft 
Charetittteed Visual Indication, Proc. 1,R-E., June, 1030; Pravr, H,, Field-intensity 
May, {hasties of Double-modulation ‘Type of Directive Radio Beacon, Proc, 1.-E. 
dune, Carn, H. A., A Radio Range Beacon Free from Night Effects, Proc. 1:2.B., 

: Dramowp, Hf. On the Solution of the Problem of Night Effects with the 
ize Beacon System, Proc. I.R.E., dune, 1033. 


lo-ran, 
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Insulation of the radiators with tension-type low-capacity insulat 
without metallic caps is practical with modern ceramic materials. 
pression-type insulators assembled in strings have been used widel 
this purpose also. Broalcup insulators in the rigging are usually o 
compression type. The voltage at the potential antinodes of the r 
tors depends upon the power transmitted, and the number of radi; 
depends upon the power transmitted and the number of radiator 
the array. Liberal insulation tolerances are necessary. 

Ice accumulation on the array is minimized by’ sleet-melting 
visions, whereby large currents at commercial frequency are circul: 
through the conductors whenever there are ice-forming conditions, 
pass heating currents through the wires when the antenna is in se 
requires by-pass circuits of very high impedance to the high frequen 
and very low impedance to 60 cycles. Antiresonant. networks or 
equivalent transmission-line stub circuit fulfill this requirement, 


10 
ri 
oh" 


jor 
8 
el 
fo 


— from Transmitter 


Fia. 46.—Transformer made up of smission-line section, 
‘The orientation of an antenna of high directivity is a matter of pi 
surveying. The peak of the beam is pointed along a great circle to 
reception point. By adjusting the relative phases of various bays of 


gee. 18] 


inated in its characteristic impedance, the terminal resistance absorbs 
the energy of one directional lobe (50 pet cent of antenna power), making 
the system unidirectional with broad f 

for many applications. Its low cost is a further advantage.! 


array, the direction of the beam can be controlled within a few dey Fro. 47 
Transmission lines for transferring power to the antennas are ol frequenci 
concentric and open-wire types. The latter are cheaper and are ex’ to. 


sively used. Transmission-line sections are also employed as tr 
formers for obtaining proper relative phases and amplitudes of current 
the various conductors. An example of such a transformer circuil 
shown in Fig. 46.1. With the several types of antennas, switehing mi 


are often provided whereby the reflector and radiator screens may. ining? 
interchanged electrically, thus reversing the beam 180 deg. and mec 
36. Horizontal Rhombic Antenna Used for Transmission. the frocun 


rhombic antenna (see Art. 46) has heen successfully applied for trans 
sion. As a bidirective radiator, with its distant end open, it perf 
much in the manner of the RCA Model D (V) antenna.’ When 


1 Canrun, Hanseut, and Linpnnusan, op. cit, 


to 
tt 


frequencies. 


Structures, 
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requency response, hence desirable 


ULTRA-HIGH-FREQUENCY ANTENNAS. 


Antenna design technique for u-h-f applications is an art of its own, 
‘The dimensions involved are such as to permit the construction of rigid 


f 


L 
From UT Line impedance 


transmitter 4, marching stubs 


4-Element horizontal 
turnstile antenna 


3-Element vertical 
turnstile antenna 
Fig. 47. Bie. 48. 


~Arrangement of the horizontal turnstile antenna for ultra-high 


—Arrangement of the vertical turnstile antenna for ultra-high 


and one finds rod and pipe used instead of wires for the 
tiong 2's and feeders. The multitudinous and rapidly growing applica- 
ultra-high frequencies to communication and broadeasting, 
television, have proved a fertile field for ingenious electrical 
nical designs for radiating systems. _In this field we also find 
hy ‘quent necessity to employ the principles of directive antenna design 
tain non-direetive transmission from a number of radiators, func- 


ning cooperatively. In general u-h-f antennas are located at ‘points 


tp, 
Foeren, D,, Radintion from Rhombio Antennas, Proc. I.R.E., October, 1937. 
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of maximum accessible height, such as the top of a tower, high bi 
mountain, and many design problems are imposed by the situation.” 

37. Turnstile Antenna. The turnstile antenna of Brown! is one wil 
used for non-directive transmission with relatively high gains di 
low-angle concentration of energy. Arrangements of this type an' 
for both horizontally and vertically polarized transmission are sho 
Figs. 47 and 48. A mechanical advantage offered by the turnstile an 
is its all-metallie construction. Conductor potentials and radiated 
intensities are nil at the vertical axis which permits the use of a metal 


percent with respect to the earrier frequency. Of still greater impor- 
fance was the requirement that the input impedance to the antenna 

ission line be substantially constant at all the frequencies within 
spectrum of the transmitter. The basic arrangement for this 
own in Fig. 49. 


Vertical radiertion pattern 
across the course 


Vertical radization, 
patiernin — \ 
|'on-course‘direction 


chematic ar- Fic. 50—CAA cone-of-silence mai 
rangement of wide-band tele- antenna system. 

vision antenna developed for 

the Empire State Building. 


Fie. 51.—CAA fan-marker antenna system. 


fitare mesh wire on a structural steel framework. ‘The counterpoise, 
reinf “8 a reflecting screen of permanent electrical characteristics 
Figu ees the vertical transmission of energy from the antenna system. 
one _ 50 shows the arrangement of the cone-ol-silence marker antennas 
rently used on the airways in the United States.! This is already 
being superseded by improved designs giving greater vertical directivity. 
. Fan-marker Antenna. For use in determining fixed points of 
and course identification in conjunction, with navigation with 


as a central supporting member. A circular field is produced by exe! 
opposite radiators in opposite phase and the quadrature conduct 

juarter phase, he phasing is done by the feeders which form a 
the system design. 

38. Horizontal Turnstile Antenna Using Ellipsoidal Radiators 
Wide-band Television Transmission. A single-stage horizontal 
stile antenna employing ellipsoidal tors of proper proportions 
deyeloped for high-definition television transmission from the Ex 
State Building in New York City.? This requires the essentially uni 
transmission of side frequencies having a band width of more thi 

1 Brown, G. H., The Turnstile Antenna, Electronics, April, 19: 


3 Lrypennap, N. E... The Television Transmitting Antenna for Empire State Bs 
RCA Rev., April, 1939. 


and Merz, Development, Adjustment and Application of the Z-Marker, 
fureau of Air Commerce, July, 1938, 
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poise milar to that used for the cone-of-silence marker beacon ant 
This system is shown in Fig. 51." 

Ultra-high-frequency Four-course Radio Range Antennas. 
application. of four-course u-h-f radio ranges to the airways conti 
under development in 1940 and is elassed as one of the most imp 
projects for the immediate future for airways use. Improved 
Mability and very much lower cost for antenna and equipment 
principal gains expected. 

Interlocked figure-of-eight patterns produce the four courses b 
familiar A-N keying. The ease of orienting the antenns makes 
of a goniometer unnecessary for course alignment. Course sqi 
and bending, however, are not yet achieved at this writing but are «1 
of development as the need arises. Waves of one polarization only 
essential for this purpose. Current developments employ pure hot 
polarization, so that horizontal loop radiators are employed witl 
Tort made to avoid any leakage radiation whieh is vertically polan 

The trend is also toward the development of two-course u-h-f 
ranges with aural course identification. 


ANTENNAS FOR RECEPTION OF ELECTRIC WAVES 


42. Non-directional Mo gat tego Recéiving Antennas. 
ordinary receiving antenna for general purposes is a single wire, of 
more or less proportional to the wave lengths to be received but_us 
only a small fraction. of these wave lengths in physical length. Tt 
all the conventional forms, inverted L, T, or vertical. In some ca 
antenna is resonated for reception of a particular wave length, but 
commonly it is aperiodic by being terminated at the point where 
apparatus is located in a resistance. One or more receivers of high-it 
impedance are bridged across the terminating resistance, and sel 

is obtained in the receiving apparatus. 

For optimum reception for waves arriving from some preferred 
tion, account must be taken of the wave tilt and the wire must 
oriented as to bridge the greatest potential difference in space whieh 
‘a maximum voltage across the terminating resistance. Tt is well ki 
that any antenna that is not a simple vertical has some inherent dij 
ity, though it may be very ‘small, Where absolute non-directi 
unessential, advantage should be taken of the various simple mi 
obtaining optimum response to waves coming from preferred dit 
Of these, one’is to incline the wire at an angle normal to the wave & 
the vicinity of the receiving site, and another is to locate the wire 
any other wires or metallic structures in the vicinity. ield-inte’ 
measurements have shown that the field intensity under or near ove 
wires and metallie structures falls to a small fraction of its fi 
value when these conductors form apertures which are smaller 
wave length in dimensions. However, local electrical noise is not 
larly influenced. To obtain a favorable signal/noise ratio, it 
important to have the antenna high above any other parasitic condi 
in the vicinity. > 

43, Directive Receiving Antennas. Except for mobile stations 
home-broadeast reception, there are few cases where some di 
directive discrimination at the receiver is not desirable or even nect 

1 Development of an Improved UHF Radio Fan Marker, Report 14, Bureau 
Commerce, July, 1938. 
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Jn the fixed point-to-point services, highly directive receiving antennas 
lareused for both long- and short-wave reception. 


Mihare are four main types of relatively high directivity receiving 
antennas, 25 follows: 


4, The loop (frame) antenna which ean be rotated, or the fixed crossed loop 
. a with rotating radio goniometer, With these the directivity is adjust~ 
Wiisiy the operator. They are usually employed as direction Anders! 
He Be directive antenna array which is the same as that used for directive 
fasion. Used for the fixed services, on ‘ 
pithe long. folded-wire. types of which the Bell System-Bruce rhombic 
Vs anexample, Used for high frequencies in the fixed services. 
Jong-wire transmission-line type of antenna known as the Beverage, 
‘orwave, antenna. Used for l-f and h-i reception in the fixed services. 


44. Loop Antennas. ‘This form of antenna is well known to the art 
‘and is described and explained in almost every publication on elementary 
fudio. Its response is of a very low order, requiring a very high gain 
Treciver. Its small mechanical dimensions’ make it a useful device for 
tome portable applications, such as military field sets and field-intensity 
meters. Its constant electrical characteristics and its independence: of 

have special vale in the latter application. However, its prin- 
application is in direction-finding apparatus, which is dise ssed else- 
in this handbook. 

‘The response in the maximum directions is very broad, but the minima 
arevery sharp. When used in direction finders, the signal is adjusted 

minimum which can be determined with great accuracy, especially 

n the loop is balanced to ground. A loop, in conjunction with a 

Yertical wire antenna, produces a unidirectional response which enables 

‘one to determine the exact direction of the arriving waves. Without this 

Guxiliary vertical “sense” antenna, the loop has two responsive directions 

deg, apart and can therefore give errors of this order in, cases where 

might be some doubt concerning the relative geographical positions 
transmitter and receiver, as with ships at sea. 

‘Antennas Used for Reception. In certain 

Marconi, and Société 

wate of that used for 

a directional dis- 


ch frequencies 


transmission, 
Srimination ‘com; 
‘Sssen| 


Which tends to level out fading v: 
already described could be used for rece 
eperly oriented and polarized. ‘ 
Brent’, of, the special problems in connection with reception may be 
Sutlined as follows: 


z "i 5 
Bare ane arrival of a multiplicity of waves from the same transmitter, which 


inite time differences as well as different angles of arrival. 
1 components of a wave group have individual variations in inten~ 
Felative phase, so that their group influence is highly variable. The 


2 


FRose, R. L., Radio Direction Finding by Transmission and Reception (with 
EDibliczraphy), Proc: [EB March, 1050; Pataten, LS. and 1-1 1. Hoxnt- 
m of Short-wave Frame Aerials, Proc. I.R.E., August, 1932. 
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result is familiarly known as fading, which may be uniform for a small 
of frequencies (such as those composing a modulated signal), or nonin 
The latter, called selective fading, produces serious distortion of tale 
signals, 
8. It has been discovered that signals which fade do not fade in 

the samo manner or at exactly the sume time at different geognphiest 
tions. This latter, now known as the diversity feet, has been ultlized 


» design of a horizontal rhombie antenna there are three variables, 
oho side J, the angle g, and the height above ground H. ‘The 


Jneqming Wave 
RCA system of diversity reception, to be deseribed. Jncoming Wave “Drection (rent) 
4. Atmospheric disturbances, as well as interfering signals, are neg Direction(Back) 


in the same degree as the directivity is increased in a favored diy 
thus providing improved signal/noiso ratios, ‘This advantage falls 
Borers when the disturbances originate in the direction of the de 
signals, 

5, High gain is often required to override receiver noise. 


It is plain that. these problems are peculiar to the reception end 
communication circuit. Adapting a transmitting array to re 
may partially satisfy probl 
are high enough to give a 
of the wave group which are more harmful than useful. 


Horlzontal 
Component 
tion purposes, Z 
conductor type, suffer rather high ro wil gee 
reception, : wy 
46. Folded-wire Receiving Antennas. A very simple and effe Remington a A” 
type of receiving antenna has been developed by Bruce and his cow re | 


of the Bell System, known as the rhombic antenna, This antenna ? le Re 
several useful intermediate forms between an electrically long v | | of Kove Direction 
wire and the horizontal rhomboid, or diamond. Among these 1 |} \ i 
tilted wire, the vertical inverted 'V, and the vertical diamond. hi é \I 
pplication of any one of these forms must take into account the pol $$ Side Etewation_y 
tion of the incoming waves, the direction and the wave tilt, the freq hh! ! > 
range to be covered with one antenna, and the available spa | { 

‘Three forms of this antenna are shown in Fig, 52. In (a) is 0 ve roa arherareaTET OTT OTTTTTTTE 2 we 


inverted V which has bidirectional response, Tn (b) is the samo an 
equipped to absorb completely in a terminating resistance all en 
received from a backward dirvction, giving unidirectional respon 
the receiver, Both (a) and (6) are vertically polarized. In (c), for 
zontally polarized waves, terminated to give unidirectional res] 
there are in effect two opposed V sections of the type of (a) and (b). 
any wave direction, there exists a wire length 7 which will give maxi 
response. This occurs when the wire length is one-half wave lel 
greater than its projection upon the line representing the wave direc! 
in the plane of the antenna. The horizontal rhombic antenna (¢) 
zero response along the ground, and the peak of the directive patl 
can be focused at the vertical angle which corresponds to the inco! 
wave direction by suitably proportioning the antenna dimensions, 

1 Bruen, E., Developments in Shor 


1981; Bruon, B., A. C, Brox, and 
LRM, Jamuary, 1935, 


(c) 
Ma. 62.—Rhombic antennas of Bruce. 


lowest, pr: 


‘actical height is when 
H 


in A 
The vatue 


of the angle @ is obtained when 


sin ¢ = cos A 
®Ftmaximum gain the value of lis found from the equation 
ps ear 
2sin? A 


of L the peak of the major directivity lobe may not fall 


‘wave Directive Antonnas, Prog, .R.H., Au 
 R, Lowry, Horizontal Rhombie’ Antentias, 


WTR this value 
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0.371 
sin? A 


‘The greater the length, the greater the range of frequencies whiel 
be efficiently received on one antenna. 

‘The main axis of this antenna is ori 
of the associated transmitting station. 

‘The proper value of the terminating resistance for back-wave su| 
sion is determined experimentally. Impedance measurements 0} 
antenna are made at the receiver end with trial values of resist: 
the termination. The proper termination is that which gives the 
impedance-frequency characteristic. One might make a_preli 
determination of the order of the terminal resistance by making a 
calculation of the characteristic impedance of the antenna as a tra 
sion line of parallel wires. 

Finally the output terminals of the antenna are connected thro 
termination network to a transmission line running to the receivers. 
terminal impedance is matched to that of the transmission line, 
rate balance to ground must be maintained in the antenna syste 
well as in the transmission line, if it be of the open-wire type. 

47. Multiple-unit Steerable Antenna.! The receiving 
antenna can be made directive in the vertical plane by altering its l 
width proportions. ‘The angle of arrival of waves changes from ti 
time; and there are groups of waves arriving simultaneously with diff 
angles of incidence, any one of which may be of dominant magni 
To take advantage of selecting the dominant wave group for optit 
reception, experiments were carried out with rhombic antes 
were mechanically adjustable in length and width so as to obta 
le” antenna, responsive to various angles of arrival as desired. 
‘The same ends were later obtained by electrical steering in the mull 
unit steerable antenna system. The multiple-unit steerable ant 
(known as MUSA) is part of the multiple-unit steerable antenna s} 
of short-wave reception, an elaborate and highly developed metl 
selecting and combining in proper phase the ever-changing multiple 
groups arriving at’ the receiving location. The antenna comp: 
multiplicity of rhombic antennas, arranged in line on the great 
bearing to the transmitting station. Each antenna is a dit 
responsive device which feeds its energy into a concentrie transmi 
line where it is brought back to the receivers. A long line of 
antennas provides extreme space diversity, and the cumulative 
collected over a continuous expanse of as much as 2 mill 
antennas, properly phased out, reaches large values. In this 
the dominant wave group is selected and the others rejected. 
virtue of space diversity, sharp directional characteristics due to 
antennas, together with ‘the selective phasing of the multiple 


ented in the great-cirele dit 


1 Frus and Ferpaax, A Multiple Unit Steerable Antenna for Short-wave R 
Proc. I.R.B., July, 193 


‘sec. 18) 


qh 
oh again through the phasing of the branches of the receiver that the 
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yps_in the receivers, unusual signal/noise ratios are obtained, and 
i js efiectively equalized. ‘ 
In this system the receiver plays as important a part as the antenna 
‘yin obtaining the desired performance. It is through the medium 
ng of the various individual lines from the antenna elements 


y is given its continuously variable control of the two or more vertical 
array iS 6 nuously au s e700 r 
direetional lobes, | In its commercial form, this phasing is accomplished 
futomatically. ‘The entire vertical plane is explored continuously, and 
futomatic phasing causes the antenna response pattern to follow that 
‘of the angle of arrival of the dominant wave groups from moment to 
moment. It is the complete receiving system, then, and not the antenna 
alone, which achieves directional steering. 

48. The Beverage (Wave) Antenna.' This type of antenna, one of 
the earliest effective directive receiving systems to be used commercially, 
ie long transmission line. It is named after its inventor, H. H. Bever- 

but is also called the wave antenna. A long open-wire transmission 
fine pointed in the direction of a down-coming wave, has a high degree 
of exposure to the horizontal component of the wave front, which induces 
in the line a continuous series of e.m.fs, that are propagated along the 
wires in the form of a traveling wave. A wave front sets up a wave in 
the wire which starts at the distant extremity (in the direction of the 
arrival of the space wave) which is propagated toward the home end 
where a receiver is situated. dition, the entire wire receives energy 
from the down-coming wave, so that the effects are cumulative at the 
teceiver and a relatively large amount of energy is extracted from the 
‘pace wave for energizing the receiver. The antenna functions only 
Where there is an angular difference between the direction of the wire and 
the incidental direction of the space wave, ‘This condition is suitably 
Met in practice due to natural conditions, since finite earth conductivity 
fauses a wave traveling in space near the surface to be tilted forward 
ta considerable angle. Thus a long transmission line parallel to the 
furface of the ground has a workable inclination with respect to the wave 

t. This applies to vertical polarization. ; i 

© Beverage antenna has many useful forms which are specially 

pted to long-wave reception, to short-wave reception, to bidirectional 

Unidirectional selectivity, for vertical and horizontal polarization, ete. 

rough treatment of these is impossible here, and detailed data must 
obtained from the original and subsequent, papers on the subject. 

For long waves the antenna construction is very similar to ordinary 
wire telephone lines. ‘The antennas may be located at a considera- 
He distance from the station and-coupled to the receivers by transmission 
lines. ‘The Beverage antenna is directive in the line of its orientation 
And is made unidireotional by terminating the distant end in a resistance 
fnutl to the characteristic impedance of the line. | ‘Thus energy collected 

4 wave in the backward direction is completely dissipated without 

‘ucing any influence in the receiver. Directivity may be sharpened 
¥ sing two or more antennas in an array. This has been done in the 
em shown in Fig. 53 which is used for transatlantic telephone reeep- 


Prekace, H. H., C. W. Rice, and E. W. Kettoca, The Wave Antenna, Trans. 
E.. February, 1023; BEvERace, H. H., and H. O. Parenson, Diversity Receiving 

CA Communications, Inc., for Radio Telegraphy, Proc. 1.8.£., April, 19315 

TT AteTS. 8. W. Deax, and W. T. Wivraxauas, Receiving System for Long- 
Tansatlantie Radio Telephony, Proc.t.R.E., December, 1928. 


Mave 
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tion on long waves. One of the several forms of the antenna whi inftuer 

used in this application is that which couples the receiver to the e “in the cl 

the antenna that is nearest the transmitting station A two-wire fi the unwante 
used to achieve this in the following manner: Waves arriving fro wn its ve 
preferred direction act upon the two wires in parallel to ground, an Jorizontal wire a 


induced wave of energy in the wire travels to the distant end wi n c 
Iculable by using the image as 


10 : e system, The receiver is coupled 
[| SOG slouch ! nd is terminated in a resistance 
Be A 5 fier sre lates (0609 table ground systems are neces- 
#04 ° Observed Values (180-3609) 
li 14.49 Kim, Hekyht Above Grounds0.008) 
Antenna Direction = 56°7'E. 
$06 Frequency =60Ke, 
je ial ‘Attenuation «081d per Kin. 
= Velocity Ratio »0.880 
2 04] Quasi Tt dogo © BO%8 Redline 
£ Compensated fora Null Point at lola? 
S a 
$02 
2 > hs 
a a a a a | 
360 MO 320 300 780 250 240 «220-200 


Angle of Incidence, @,deg. 
Fic. 53.—Directivity of Beverage antenna. 


baie 
Direction of Signal 
Propagation 


Fie. 55.—Double broadsid 


a side wires act as distributed loading of the transmission line, modify- 
(reducing) its phase velocity of propagation and its characteristic 


. 


le Beverage antenna, 


Receiver 


in broadside for 
licates the method 


Fie. 54.—High-frequency Beverage artenna. 


encounters a reactive network called a réflection transformer. ‘This d 
reverses the phase of the wave in one of the wires and reflects the em 
from the end back to the receiver, the reflected wave of energy, 
traveling in the two wires balanced to ground. ‘The receiver co 

network terminates the line and absorbs all the wave energy in actula 
the receiver. A wave entering the system from the reverse dir 

travels along the two wires in parallel against ground, producin 


potential difference across the balanced termination and therefol 
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4 sted at the common gap (Fig. 58). Each pair of arms is made 
florea nett of onechalf wave length for the mean frequency of the 
prsntended to be covered, although with a transmission line that 


mile or more. For obvious reasons the three antennas are not 
straight line but disposed somewhat as shown in Fig. 56. Di 
of fading with geographical separations of this sort produces an gy 


cumulative effect which is quite constant. To eliminate the eff matehes the impedance of the doublet, either directly or through a 
phase relations when the outputs from the three systems are x device, the resonance is not critical . 
this function is achieved For tcievision work it is necessary to receive signals from only one 
detection. direction to avoid the formation of secondary images called ghosts, whieh 


Any type of receivin| fidginate from reflected waves arriving with a certain phase retardation. 
om but it ‘Phis requires the use of reflectors to make the doublet unidirectional as 


Ya» <~Ya-—> 


tenna shown in Fig. 56 is 


the unit, Transmission 


BROADCAST RECEI 2 tine 
ANTENNAS! sgl ants ee aad at 
—Si 5 - 58.— antennas for 

‘ 50. All-wave, Reeeiv i Fic. 57.—Simple doublet antenna. 16: 88. Doubiet etal 
is now more or less stand ible. In some cases a double doublet of the same length for 
and contains usually tl { i ith a double reflector may help considerably in boost- 
quency bands: the bro ipl si? of the structure in the desired direction, Figure 59 shows 

a 


band of 550 to 1,600 k al television antenna. ee 
“police” band, from 1,6 Marconi-type antennas act, as stated above, as capacitative 
6,000 ke; and the “shor Reherators below their natural period. ‘This is normally the case in the 
band from 6 to 22 Me. Standard broadcast band. However, they may be used for frequencies 
limits sometimes are ‘tonsiderably higher, in fact sometimes so high that several wave lengths 
changed, and one of y be developed in the long-wire structure. In such cases they present 
higher frequency bands is itely capacitive reaction and then 
ted in some sets. Msistive, inductive resistive and again 
In general, an ordina ive reaction; and the eyele will 
coni open-\ a ab “Meat itself indefinitely, according to the 
to 100 ft. in length gives Bamber of one-quarter wave lengths. 
factory b is true in general, but, when the 
account of “man-made: Asmission line introduces directly or 
or interference produc coupling device a large resist- 
electrical apparatus get Teaction, the long wires begin to show 
transient currents having components in the bands above mention and less peaks in their voltage versus 
simple open-wire antenna is not satisfactory, particularly in metrop cy characteristics. 
areas, ee y Marconi antennas can be easily 
With the advent of television and u-h-f broadeasting it is ne 2 into very directive structures, 
more than ever to provide special types of antennas, having very dit h they arc several wave lengths long, 
characteristics, and transmission lines between the antenna prop W terminating them in a suitable resist: 
the receiver, incapable of picking up interference, &t the far end, and by proper selec- 
61. Types of Antennas. All the antenna structures commonly us Hof the reflected iapedanes at the 
broadeast reception may be classified into doublet- and Marconi ae ine end. Bs 
antennas according to whether they act by virtue of phase diffe r ination of two such structures may become a “diamond” or 
within the antenna wire, or as elevated capacities with respect bie antenna with very directive properties, but structures of this 
surrounding medium, ealled ground, which may be the metallic s Sther complicated types, including arrays of doublets or half doublets 
of a building, the piping, or even the power line. The choice of Won. tom used for broadeast purposes, except for demonstration in 
ground makes a lot of difference in the signal /noise ratio. 72nd in localities far away from the stations (mostly for television), 
The doublets consist of two arms, usually of nearly equal leng Stine tere & number of receivers are to be operated from one antenna 


Fig. 56.—Antennas arranged for di- 
versity reception, 


Fie. 59.—Television receiving 
antenna and reflection. 


37), and called simple doublets; or they may contain several pairs itihar’;. Foreign reception by large commercial companies uses & 
) By J. G. Aceves, Amy, Aceves & King. of these highly directive structures, 
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52. Elimination of Interference. The vast majority of radio 
have enough sensitivity to permit reception with a very poor 
energy pickup, as can be readily seen in the typical example of autor 
radios. Therefore the main problem is not so much to incre: 
signal energy pickup by means of an antenna system very well d 
as it is to reduce the amount of interference which is inevitably pi 
even in isolated houses where other electrical apparatus cont 
current interrupters of one kind or another are always found, 
it is very important in passing judgment on the merits of 2 given an| 
to examine it first of all from the advantage secured by its use in 
noise ratio. Of course, in “dead” spots, signal energy requirement 
be of paramount importance. 

For interference waves to assert themselves, they musv contain 
ponents within the band to be received. It follows that. it is possi 
reduce the interference by broadcasting in the region where those 
ponents are a minimum or not present at all. It is well known that 
40 Me these components are usually very weak and “natural” si 
practically absent. For this reason the sound channels of tel 
stations are remarkably free from noise. 

An additional step in noise reduction is obtained by the use 
instead of a.m., thereby permitting the use of a limiter (see 
which forms part of special receivers for frequency modulated bi 
signals. 

Tn television reception the elimination of interference is still 
necessary, and, although there are comparatively weak componel 
the neighborhood of 50 Me, they are sufficiently strong to make 

elves obnoxious in visual reception. They originate mostly 
diathermy apparatus and internal-combustion engine ignition §} 

63. Noise-reduction Methods. Interference enters a radio 


1. Through the antenna. 

2. By down-lead or transmission line pickup. 

8. By direct pickup of the receiver, 

4. By common coupling between the signal pickup cireuit and the 
producing circuits, 


‘The fourth mode of entry gives the greatest amount of troubl 
will be treated more at length, 

1. Antenna pickup can be reduced only by placing the antem 
field which is strong for the signals but weak for the interference. 

With a low-loss transmission line it is possible to place the anten! 
very great distance from the receive For ample, this was dont 
a very powerful hydroelectric plant in the West where the line was 
4% mile lon; om almost impossible broadcast reception. it 
possible to listen to distant stations after the installation of the 
reducing system and after moving the antenna far away from the 01 
power network into the side of a hill. 

2. The down-lead pickup is eliminated simply by eliminating thé 
down-lead and replacing it by a transmission line, which may be 
balanced type or of the concentric or shielded type. A well-b 
shielded line scldom gives the expected increase in signal/noise 
over the open type, provided the terminating couplers are of the 
design, 
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8. Direct Pickup. !lodern receivers are fairly well shielded, especially 

for use in motor vehicles, Only the inexpensive houschold mdi 

fare likely to pick up much interference by themselves when provided 
with a good noise-reducing antenna system, 

‘The exception is the loop set, which can overcome interference only 
by turning the loop to: minimum pickup direction with respect to the 
oie, whenever this is possible without also eliminating the signal. 
When there is more than one source of interference, this expedient fails. 
Toop sets have the advantage that they are considerably less affected by 
goise currents via the power-line connection, 

‘The internal noise of radio receivers due to shot effect and thermal 

itation has not been mentioned because the signal level is usually much 
higher than 30 or 40 db below the standard 1 mv input voltage, but in 


at I Chassis 


Signal 
{emt 


60.~-Noise cireuits in 
radio receiver. mune from 
interference, 


Window or other free 3 


4, Common Counting Bet 
Phee, r 


Sots this does not hold asa rule, particularly if the receiver is not near 
pace unshadowed by metallic structures, 

i Signal and Noise Circuits. Figure 60 

principle involved in this type of interfer- 


‘chematical 
be a source of interference in series with the lamp-cord 


the radio set. It will for current through the chassis 
er g, through the primary p of the input transformer, and 
fo down-lead and antenna @ and its equivalent capacity C to 
t) bviously a secondary voltage will be developed and applied 
Uv of the tube of the receiver. Now consider Fig. 61. Every 

ere 1), ane except the input-circuit connections of the receiver. 
thoi ignal voltage, represented hy 2 source B’, will send a current 
own ou = 'ective capacity of the antenna C, through the antenna and 
fe tot tomy Ze % the primary p, and back to ground through a conductor 
Which nach to the path of the current from the source of interference 
therate, jneets a “dead end” at the chassis of the radio receiver and 


wi 
ne is ine: veri i 
PF the rooaiymctpable of delivering an e.m.f. to the input of the first tube 
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While the ante 


and down-lead, in the above illustration, 


to attack from radiated interference, the system of Fig. 61 is immy 


Antenna 
transformer 


Raclio 
receiver 


Set transt 


Fra. 62.—Simple 
system for improy- 
ing signal/noise 
ratio, 


54, Master Antenna Systems. 


power-line interference. The capacity betw 
windings of the input transformer should be 
‘This is essential to keep in mind when de 
a noise-reducing antenna or radio-set ts 
Otherwise appreciable current will flow thro 
capacity and reach the antenna. 

To eliminate radiated interference, as 
“conductive” due to common paths of nois 
signal currents, a complete system, such 
illustrated in Fig. 62, will increase the sign 
ratio by as much as 20 to 30.db. ‘The simp 
tem shown in Fig. 62 may be extended to a pl 
of bands by the use of a number of transform 
ering the various selections. Figure 63 ilh 
a complete antenna system for the broadeast 
short-wave band, and television or f-m ree 
with full noise-reduction design in all the 
this particular illustration the antenna ste 
acts as a Marconi antenna for the broadcast 
and as a doublet for the higher frequency bat 

‘The receiving system of Fig: 


suitable for the operation of a number of radio receivers, by 


SWand UHF. 
transt 


Evropeantsw) 
broadcast 


Fic. 63.—System for operating several broadeast receivers. 


plurality of receiver couplers across a line terminated in its surge 
ance, provided that the receiver couplers have a suitable ratio of 
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jon that will prevent not only excessive attenuation by overloading 
fransmission line but likewise undue reactions between the various 


+50, 
+40f 
+30 
2420} 
2 +10 
0 
8-10 
~20 
-30 


~40 _L 
04 06 08 10 12 14 16 
Megacycles 


A, signal as received with ordinary antenna equipment; C, advan- 
tage secured by noise-reducing equipment, 


18 20 
‘Fis, 64.— 


fuljplers consisting of series condensers and resistors may be used or 
srs or 8 combination thereof, mostly to minimize reactions between 
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SECTION 19 


TELEVISION 


By Donatp G. Fixx! 


1 Definition. ‘Television is the electrical transmissi i 
images. " Cathodoray. television makes use of electron hone ce 

ron images in the camera tube (pickup device) and in the picture 

@ (reproducing device). A television system is considered to possess 

cities for transmitting sound synchronously with visual images. 

2. Elements of a Television System. ‘The elements of a typical tele- 
system are shown in Fig. 1. ‘The sound system consists of a 
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TRANSMITTER RECEIVER 
Fic. 1,—Elements of a television system. 
Wentional? i i i 
ng ransmitter and receiver operating on i enc} 
U-h-f range and is separate from the picture system, except that 
pe aS pay, be employed at the transmitter and receiver and a 
shed ; ier and first detector may be used in the receiver. The 
sigansmitter includes the camera and synchronization circuits, 
“4 al generator), video amplifiers, u-h-f carrier source and r-f 
y lhe modulator, a filter for suppressing part of one of the side- 
or coreg gt, eurtige output, and the radiator. The picture 
ors (ths . of r-f amplifier or antenna circuits, first detector and i-f 
e latter two in superheterodyne receivers), a second detector, 


; author, “ Principles of Television Engineering.” 
tem Committee has recommended (in. 1941) 
i705 ko maximum deviation, for television sound 
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one or more video amplifiers, picture tube, synchronizing signal sepa 
cireuits, scanning generators, and power supplies, 


SCANNING AND IMAGE ANALYSIS 


8. Linear Scanning. ‘The method of analyzing and synthesi 
images employed in modern television systems is known as linear 
ning, As applied to the transmission of images, linear scanning inv 
the exploration of the image to be transmitted by an elemental spi 
small area, known as the scanning agent, which traverses the area 
image in a'series of horizontal lines, moving over every point in the i 
at constant speed and discovering the degree of brightness at cach 
in succession. The camera tube, which includes the scanning 
generates a succession of electrical impulses which correspond witl 
Successive values of brightness discovered by the scanning agent. 

‘At the receiver the scanning process involves setting up an elem 
luminous spot of small area which moves synchronously with the sear 
agent in the camera tube, ‘The brightness of this luminous spot is 
trolled by the electrical impulses transmitted from the camera tul 
the receiver. The values of brightness present in the original imay 
thereby reproduced in their proper positions. ‘The scanning p 
must be rapid enough so that all the elements of the received may 
perceived simultaneously by the eye. ‘This requirement is met if, 
scanning of the image is completed within the duration of persistent 
Vision, so that the first element of brightness persists in the eye di 
the production of all the succeeding elements in the image. 

4, Aspect Ratio. ‘he ratio of width (w) to the height (h) of the 
tangle actively employed in reproducing the image is known as the 
ratio. In accordance with the standard adopted for motion pictw 
the United States this ratio is given the value 


w_4 
a3 


‘Those relationships marked with an asterisk (%) are recommended stil 

‘ufacturers Association (R.M.A.), which were used in 1940 for 
‘ions edt States. "In i941 the Nati 

.) recommended standards identical to thos 

lation for sound transmissions, (2). mii 
odulation capability in thi 

from 441 to 525, and (5) the possible vise 


(a) an increase i 
quency modulation for sy 


3.0, for commercial televl 


‘These standards were adopted by I, 
effective July 1, 1941. 

6. Total Number of Lines per Frame. ‘The total number of lines 
which the scanning agent passes from the beginning of one com 
image to the beginning of the next is known as the total number of 
per frame, n. , 

The number of lines determines, the degree of detail which mi 
accommodated in the reproduced picture, in the vertical dime 
Hence this number sets an upper limit to the amount of pictorial 
which may be ansommmodsted in that direction. ‘The number in m\ 


sec. 19) TELEVISION 693 
is set usually between 400 and 600 lines. 
(©. standards, 1 has the value 


n = 525 (2) 


son for the exaet number 525 (see Arts. 6 and 81 of this section) 
it is an odd number composed of simple odd factors 
(525 = 8X5 X5X7). 

6, Interlaced Scanning. To reduce flicker in the reproduced image, 
a scanning technique known as interlacing is customarily employed, 
whereby the image is scanned in two or more groups of lines. ‘The sean 
ning motion in “two-to-one odd-line” interlaced seanning (the method 
now universully adopted) is shown in Vig, 2. ‘The scanning agont 
traverses the area in two series of lines, alternately, passing downward 
(at loft in Fig. 2) from point A to point B in the light solid line, following 
the back-and-forth motions shown by the arrows. ‘The scanning spot 
then moves upward from point B to point. (at right), thence downward 
again from point C to point D on the heavy line, finally upward again 
from point D to the starting point A, where the motion repeats itself. 


According to the 


system: 
NT 


ee 


Finer 


y 


D 
Active fields Inactive fields 
(downward) (upward) 
‘Scanning pattern for two-to-one odd-line interl: 


nning agent is active in discovering or reproducing the picture 
white tion while traveling over the lines shown solid and is inactive 
ods traveling over the lines shown dashei The total number of back- 
hag motions made in traversing both series of lines isn. ‘The total 
umber of active lines (Shown solid) is n°, | ‘The inactive lines (n — na) 
the those m le by the scanning agent in traveling from the bottom to 
vane? ts the picture area (the motions shown at the right). Practical 
ies of the number of active lines, no, for a 525-line image lie between 
The mits 483 and 488, representing 42 and 87 inactive lines, respectively. 
* general expression for the number of active lines is 

n 


Na = 7 (3) 
1 
ep 
Sie 
vertical retrace ratio, is the ratio between the up 
and the downward seanning velocit defined in Azt. 7, 
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7. Scanning Velocities and Retrace Ratios. The scanning ager 
caused to traverse the picture area in the interlaced pattern (Fig. 2) 
imparting to it horizontal and vertical motions. ‘The spot is displ: 
horizontally from left to right at a speed , and simultaneously if 
displaced vertically downward at a slower speed »,. The two moti 
cause the spot to move slightly downward and to the right until it rea 
the right-hand edge of the area, ‘Then the spot is reversed rapidly ani 
mga to the left at a faster speed kyu, (i, Limes as fast as it moves to 
right), forming the retrace motion to the left-hand edge of the 
The downward velocity persists at the valuo v. during the success 
back-and-forth motions until the spot reaches the bottom of the a 
Thereupon the downward motion is reversed, and the spot is mi 
upward at a faster velocity kev (ke times as fast as it moved downw: 
until it reaches the top of the batigr During the upward mot 
several back-and-forth motions are uted, since the horizontal ve 
ties », and hiv, are maintained. 

"The horizontal retrace ratio ky is the ratio of the backward (to the 
scanning velocity to the forward (to the right) scanning velocity. 
tical values of k, range from about 6 upward to 15. ‘The N.T. 
ards set a lower limit to this ratio of 6.3, The vertical retrace ratio 
between the upward and downward velocities, ranges from about 1 
15 times. The N.T.S.C. standards set a lower limit to this ratio of I 

8, Interlaced Fields. One set of the two sets of lines in the interk 
pattern is known as an interlaced field, Since the total number of I 
in the complete frame is an odd number (525), the number of lines 
field is a whole number plus one-half (26213), This accounts for 
fact that at the end of the first field (Vig, 2) the spot, at point (, 
formed but one-half of the horizontal motion. ‘The half-line displ 
ment causes the lines in the second field to be displaced vertically fh 
those in the first field by the width of one line. Consequently the I 
of one field fall directly between the lines of the preceding field, If 
scanning motion is not accurately timed and if the amplitudes of 
vertical and horizontal motions are not constant, this interlaced relat 
ship is not maintained, and the lines of one field tend to overlap the 
of the preceding field. ‘This defect is known as pairing of the fields. 
effect is to reduce the detail of the reproduced picture ‘in the vei 
dimension. 

9. Vertical Resolution. The vertical resolution r. of the scam 
pattern is measured by the number of pictorial details or picture ele 
which may be accommodated in the vertical height of the picture 
Bach active scanning line is capable of reproducing-one such piel 
element in the vertical direction, but, since the picture elements in 
image to be transmitted may not fall directly on the scanning lines, 
actual number of picture elements which may be accommodated vt 
eally is less than the number of active scanning lir The vel 
resolution r, is accordingly the number of a canning lines multi 
by a factor less than one, here called the utilization ratio k, The vei 
resolution is accordingly 

Le 


Practical values of utilization ratio, depending on the method of meast 
ment and the perfection of interlacing, range from about 0.6 to 
With na, = 485, r; accordingly varies from 290 to 440 elements per pie 


ny elements per picture height 
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height. ‘The value ry = 400 is commonly reached in properly operated 
uipment. 
Te Horizontal Resolution, The horizontal resolution r, of the sean- 
ning pattern is measured by the number of picture elements which may be 
Jucommocated in the horizontal direction, measured in a width equal to 
the picture height, The picture height is used as the basis to make the 
horizontal resolution directly comparable with the vertical resolution. 
‘The total number of picture elements accommodated in the picture width 
is the horizontal resolution multiplied by the aspect ratio. 
The value of r, does not depend on the dimensions of the scanning 
ttern but rather on the electrical performance of the television system 
{nreproducing rapid changes of voltage whereby the reproducing seanning 
ggent is changed in brilliance as it moves across each line. In terms of 
the maximum frequency fines in the video range (see Art. 16), the horizon- 
tal resolution is approximately —* 


7s = 84fnax Clements per picture height 


Whore fnss is expressed in megacycles. 
ission al a rate of 30 frames per second 
expression is 7, = 100fmux- 


s 


of picture element) 


Horizontal resolution 


(Picture height ids by width 
s 


0 1 20 30 40 50 60 10 
Maximum video Frequency, Me 
Relationship between horizontal resolution and maximum video 


frequency (441-line image). 


Fro, 3. 


vet. Resolution Ratio. ‘The ratio of the horizontal resolution to the 
eal resolution is the resolution ratio m: 


1 _ 84fmaas 


ie kta (6) 


n= 


resolution ratio (equal resolution in vertical and horizontal diree- 

essential for good reproduction, inasmuch as the resolution 
ction may exceed that in the other by 50 per cent or more 
vasting the detail in the direction of higher resolution. In 
‘nt practice the resolution ratio approaches 0.95, depending on the 
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vident as the viewing distance is decreased. Viewing distances shorter 

mt as whe picture height are seldom considered satisfactory. A 
ten seems to be typical of viewer habits. Figure 5 shows Eq. (9) 


12. Total Number of Reproducible bers of scan- 20) 


for various 1 


figure of mete ofthe televi ont system ie 3 total numb ines, 
elements which may be ae nodated in the picture area, i.e, the pi sagt <0 tition Rate. 
of the number of elements vertically r., tines the number horn & Br eRe tha foes Pes 
(w/hra: gre repeated (frame-repetition $3 
w w' % depends (1) upon the = 
a (; ore a F)GMman) Beeion' of the persistence of 8 By 
0 vision of the eye and (2) upon §& 
= (j)miine tho mecessity ‘of reproducing 2-2 
: motion in theimageina smooth aE shy 
For values of (w/h) = $4, fax = 4.0 Me, na = 485 lines, and k = manner. In mo pictures <3 °/5 
(m = 0.925), the total number is N = 165,000 picture ele the standard 7 ie Lt came ve 
ing unity utilization ratio ( = 1.0), we obtain the m: y second, | with ent ane ol 
available with a 4.0 Me video range, viz., N eed twice, niehing IaMurber active sconning lines 
Performance above 200,000 picture elements Freie veluce serge for tole. Yio. 6—Relationship of viewing dis- 


A canning lines, in 
Wisden. However, since the tence ihe moture ‘heleht, (eer 
Beco supply. operas fgg mental findings after Engstrom.) 


it is desi iti vhich is Itiple 
it is desirable to use a frame-repetition rate f which is a submul i 
othe power fronteneys ffs 30 per second (field repetition rate f’ of 60 
per second). The N.T.S.C. 
accordingly 


13. Viewing-distance Relationships. ‘The desirable viewing dis 
of a television image depends on the resolution available, If we 


+ Number active scanning lines=ne 


Number active picture elements 
in picture height =Ktig 7 


recommended stand for these items are 


= 30 frames per second 10)* 
pap ine eee {i} 


15. Rate of Scanning Picture Elements. The maximum rate of sean- 
hing picture elements along each line depends on the number of elements 
in the line and the speed with which the scanned. ‘These Peel ed 
in turn depend on the horizontal resolution (Art. 10) and on the number 


\e=/ minute Observer 


e ropeliti 14) 
lines per frame (Art. 5) and the rate of frame repetition (Art. 1 
Fia, 4.—Critieal viewing distance in terms of the dimensions of the sean! The gene: a for the maximum rate of scanning picture elements 
pattern. Ris 
a visual acuity of 1 minute of arc (typical of most normal eyes), two w (1+ 1/k0) ree rs 12) 
picture elements separated by m belgie element (iar a ante R = Fmfln® G7 7p Clements per second ( 
resolved by the eye at a distance d.. 


Where the quantities have been defined in the preceding sections. For 
spect ratio w/h = 44, resolution ratio m = 0.925, frame-repetition rate 

30 per second, utilization ratio & = 0.75, number of lines per frame 
525, horizontal retrace ratio kx = es, and vertical retrace ratio 


— 6,876h 
king 


tical viewing distance to picture h 


d, 


and the corresponding ratio of 


Bem 15't the f scanning picture elements is approximately 
y f ae ne ee ee eee ty tie poe 
e: = 9876 limit of performance of present-day equipment. 
h kn 


. Maxi uency in Video Range. The maximum video 

enc; ee the television camera is directly proportional 
WP the rate at whieh the picture elements are scanned along each line. In 
dodtueing a relationship between the scanning rate @ (Art. 15) and oe 
jen um video frequency (v.f.), it is customary-to assume eae ie 

lure clements are arranged as alternate black and white squares along 
te Scanning line, An ideal seanning agent, scanning such a line, w 


For a vertical resolution.r, = kne of 400 elements per picture height, 
foregoing ratio is 17 times, ‘This is the maximum v wing distance 
times the picture height), beyond which the eye is unable to resolve 
detail actually present in a stationa: image. 

The minimum viewing distance is determined by the tolerance of 
viewer toward the structure of the picture, which becomes increasit 


698 


Produce a square wave, as shown in Fig. 6, ‘The upper portion of 
the lower portion an adj 

er eyele of the 
Tho fundamental frequency of the square wave is accordingly on 
‘The maximum vy, 


square wave represents a black element, 
white element. Hence there are two elements 


a8 great as the rate of scanning picture elements. 
then derived from Eq. (12), as 


sail pe ee cet 17k) 


For the conditions cited in Art. 15, fis is 4.15 Me, 
typical values. Tt should be noted 
mental of the square wave. 


Direction of scanning 


lie: 

a {Meal camera signal 

38 
Time > 

b+ 

Zs - Corresponding sine-wave signal 

a5 £ 

5 . aN 
Time—> 


Fig. 6.—Wave forms resulting from scanning a checkerboard image. 
ideal square wave becomes a sine wave when only the fundamental freque 


is transmitted, 


duce a square wave of this frequency. 
of light 18 reproduced. ‘Thi 
structure of the reproduced image, 
‘Taste I—Maxnrem Vinzo Frequencres 

Parrenss 
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! ‘Table I gives 
nat this frequency is the f 
‘The reproducing equipment cannot 


r Instead a sine-wave distribu 
This sine wave (Fig. 6) establishes the 
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anning Wave Forms. The deflecting forces necessary to pro- 

es Toe scanning motions shown in Fig. 2 are saw-tooth wases, as 
shown plotted against time in Fig. 7. The forward motion in the hori- 


jon i i i ith time, and 
stion ts prodused-by «deflecting force linear with titas, 
Eee ot race motion ‘bye forea which need not be linear but which inst 


Active Inactive 


? 


rE 


Deflecti 


= Time —> 
tp Period of complete cycle 
bp qigg efor hontanel scanning 
= 3p Set. for vertical interlaced scanning 
Saw-tooth waves of deflecting force used to produce the scanning 
‘ pattern (441-line image). 
i i force. 
ate of change high compared with that of the forward 
Thorstio of the apes! is equal to the horizontal retrace ratio ky (Art. 7). 
ions apply to the deflecting force in the vertical direc- 
Bion, and the ratio of the retrace slope to the forward slope of this wave 
e vertical retrace ratio, ky. : " 
ees a ae frequencies determined by 
thenumber of felds per second and by thenumber of lines persecond. In 


Fis. 7. 


Mahi Number of nwt for ataricnum vf 
lumber of vertical and | for he “ 
seanning lines » Frames Pet — [norizontal resolution olution = 0.9 3 
| (m= 100) 08 | n= OD). OM Pio, 5 : ReneS approximations resulting from 
-8.—Ideal saw-tooth wave (ky, = 6.66) and appro 
7 = } inclusion of 5 and 15 harmonics. 
a0 2 3,020 the vertical directi ing f repeat itself at the field 
P al direction the scanning force must repeat j f 
130 ee | s68°000 Se Ne horizontal direction the deflecting 
nA 4 369/000 foree must repeat itself at the line-scanning frequency (525 lines per 
fd gxixp | 1,670! 000 Fame, 30 frames per second), which is the product 
441 (3 X 3X7 x 7) 30 1000. = 525 = 5 
525 (5 X 5 X 7 X 8) 30 3,920,000 nf = 525 X 30 = 15,750 eps 
TOO | 380 


14,800,000 tocilese values of scanning frequency are the fundamentals of the saw- 


Norn: Caleulation based on w/h = $4, kx = 7, bs = 12,k = O75, 


h wave, From 5 to 20 harmonies should be present if the wave form 
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is to approximate the saw-tooth shape sufficiently accurately for sean 
purposes. Figure 8 shows the degree of approximation for a saw-t 
wave having a slope ratio of 6.66 times (retrace ratio) when 5 a 
harmonies are included. ‘The fifteenth harmonic extends the rang 
to 900 eps for the vertical seanning system, and up to 250,000 ep 
the horizontal scanning system, Practical scanning generators: 
discussed in Art. 67, 
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THE VIDEO-SIGNAL WAVE FORM 

18. Video Signal. The video signal (or “composite video si 
is the succession of electrical impulses transmitted through the tek 
system to convey the information from the nning agent in the cam 
to the scanning agent in the receiver, ‘Three direct functions are can 
out through the video signal: (1) the transmission of impulses cortespd 
ing to the brightnesses of the scanned picture elements, conveyed by 
camera signal; (2) the blanking of the scanning agent at the receiver 
ing the retrace motions, by the blanking level or pedestal; and (3) 
synchronization of the scanning agents, hy the vertical and horize 
synchronization signals. The first item of the video signal is generate 
the camera, the second two in the synchronization signal generator. 
three items are combined in the video mixing amplifier. 

19. Envelope of the Modulated Picture-carrier Signal. When 
video signal is imposed on a carrier wave, the envelope of the modul 
carrier wave constitutes the video-signal avave form, Such a modul 
picture carrier and the details of the envelope are shown in Fig, 9 
particular form of video signal shown is that recommended in the st 
ards of the R.M.A. (practically identical to the N.T.S.C. proposal). 

In the R.M.A, standard video signal (Fig. 9) the carrier amplitud 
divided by the black level (blanking level or pedestal) at a value 
7 to 80 per cent (75 + 2.5 per cent according to the N.T.8.C, 
mendation) of the maximum amplitude. The amplitude region 
the black level is called the infra-black region and is occupied by. 
synchronizing signals. Signal levels in this region do not prod 
light in the received image. The synchronizing signals are of two t) 
horizontal signals (Fig. 9) for initiating the motion of the seannin, 
along each horizontal line and vertical signals (Fig. 12) for initiating! 


n Engineering," Chap. II, p, 46, and Chap. 1 vb ae 
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gee 
i vertically, inning of each field. 
jon of tho scanning agent vertically at the beginning of each 
Motion smplitude of the wave, the height of the synchronizing pulses, 
Ait fhe black-lovel amplitude are maintained constant throughout each 
froadeast at the values shown in Fig. 9. 


Syne pulse Camere signal 


-«~-Maximum carrier level (fixed) 
~ = pers Blanking level (Fixed!) 


Average af camera signal (variable) 


Maximum 
level 
Horigontalsyne  (00percent) 


f signal 


Infrar-black 
region 

Black level 

(75to60percent) 

-~Camera signal region 


Maximum white level 
}..-(25percentoress) 


ol. Pair rec 
0 020406 08 10 12 14 16 18 20 
t/H oH 
Fic. 9.—Top, modulated television car 
Modulation envelope, according to R.M.A. re 
ing to the N.T.S.C.' recommendations the black level 
And the maximum white level 15 per cent or less, 


20. Camera Signal. The portion of the carrier envelope extending 
low the buck Herel is called the eamera signal. ‘The polarity of trans- 
Mission in the N.’T.S.C. standards is negative, i.e an increase in the light 
on the camera plate results in a decrease in the carrier amplitude ag 
shown in Fig, 9, ‘The maximum white level is 25 per cent or less (15 per 
“ent or less according to the N.'T.8.C. recommendation) of the maximum 
wl rier amplitude, Tatermediate gray tones exist between the ma 
hite level and the black level. é 
he « Seiad has two components (Fig. 10): an a-c component, 
Which describes the variations in brightness from the average Brigit, 
4nd the d-e component, averaged over the frame-scanning interva 
#0 see.), whieh represents the average or background brightness of oie 
Picture. "Phe nc and d-c components must be eapable of being varied 
independently of each other, so that the same detail may be presented 
futher on a dark background or on a bright background, Variation of 
".¢-c component also permits the sereen brightness to be “faded in” 
°r “faded out” at the will of the studio operator. in order that the d-c 


22 24 26 2830 Time—> 
1/8230 th second 

r signal. Bottom, details of 
ommended standard. Accor 
75 + 2.5 per cent 
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component be independent of the a-c component, regardless of 3 
changes in wave form, it is necessary that the black level be const: 8. 
the carrier envelope, and furthermore that the black level be maint ie 
constant at the control grid of the picture tube (see Art. 61). s 


5 


rend of QO1V- 


The » 


a 
é. 
S 
@ 
€ 


detail view of signal 


ce 


2. Diagram D shows enlarged detail view of syne signal 


Phot 
\b- Camera signal with 
added al-c component 
Time— 
Fic, 10.—Both d-e and a-c components of the modulation envelope. 


dashed line represents an increase in the background brightness wil 
change in detail. 


21. Frequency Range in the Video Signal. The maximum freq) 
in the video range (Art. 16) results from scanning the finest det 
the image, i., from the scanning of adjacent ure elements. 
value of fmax [Eq. (13)] depends cn the rate at which adjacent pil 
elements are scanned; values up to 4 or 5 Me are commonly empl 
in present equipment. 


Current or voltage 
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level unless otherwise specifically indicated) 


-Maxiinum carrier voltage 
of maxcarrier 
‘dimensions not fo ecole. All dimensions. 


% min. 

% me. 

C shows: 
B bet 


form. 


level, (75 + 2.5 per cent) and minor changes in the di 


Tap of picture. 
ays 
mae 


‘pulses have slopes (nat indicated in A. and B) which should! 
be hept as steep as possible 
6. Receiver vertical retrace shall be complete at 


in view A between lines DD ‘ 
3. HeTime from start of one line fostart of nest line 


4. Vine fromstart ofone field tostart of next field 


in view, 
. Leading and trailing edges of both tor and vert Banking 


Aand B show blonking and synchronizing signals 
‘in regions of successive vertical blanking 


(grizontal 
tare from block: 
1 Diagram 


Diagram 


‘as well as the rate of change of recurrence, of the line ayne pulses. 


Fro, 11.—Ideal amplitude and phase transmission characteristics. 


‘The lowest frequency in the video range, fain, depends on the rat 
which the background brightness of the Scene changes. Brigh 
changes which take longer than the duration of a single frame to cony 
themselves are usually introduced by changes in the d-c componen! 
the signal, Changes that take less than the duration of a single frame 
accommodated by video frequencies extending downward to 30 eps ( 
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to the R.M.A. except for the bl: 
recommendations also impose tol 
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sponding to the frame-repetition rate of 30 per second). Consequent rise of t 


standards, is from 30 eps to 4 or 5 Me. The ti 
ie vertical 


Degrees of picture detail intermedia ~ sually synebroni: 
y syncl 


and the area of a single pie 1 ul 
teal syne PX 


intermediate bet 
‘ h i tf the condenser charge curve (Fig. 51) acts ol 
i ¢ mist have precisely the same shape for each vertical 


‘This leading ed 
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which are used to cl 


The equalizing pulses are in 


ine. 


whole 


Ise. 
a equally for fields ending on a 


o aque! 4 ust complete itself i e-half of 1 per cent of 
the significant frequency range in the video signal, based on the N-T-SA See enning pre at complete itself in one-half of 1 per cent of the 
| scanning generators at transmitter and. receiver are 
zed by the integrated effect of the equalizing and ver- 
fharge a condenser. The leading edge 


as the synchronizing agent 


serted to ensure that this condition is 


half line and for fields ending on a 


nts having speci GENERATION OF THE VIDEO-SIGNAL WAVE FORM 


If the wave form is 


a 
nki 


which tim: 
and the b) 
camera signals 


24. Video-signal Generator. 
three essential parts: (1) the came 
the camera signal component; (2) 
J shapes the vertical an 
ng signals; and (3) the control amplifier which mixes the 

nehronizing signals and the blanking signals, 


with the s 


The video-signal generator consists of 


ra and its auxiliaries, which generate 
the synehronizing signal generator, 
d horizontal synchronizing signals 


massing through the zero-frequen i forming the composite video signal. 


range. The ideal characte: cs are shown 


h an adjustable 


wig6. Television Cameras. The television camera consists of a light: 
fight housing fitted wi 


camera lens which focuses the 
mera tube enclosed within the 


Tt i _ wae h 
FRG albus tate? not. ideal, feetie on the photosensitive plate of the ‘ { 
transmission character é axis, ing, Also enclosed in the’housing is a preamplifier which raises 
transmission characteristic is not ideal, the wa the level of the camera signal (usually to about 0.1 volt peak to peak) 
improper reproducti i al _Inadequate'h-f response prod 0 that it can be transmitted over coaxial cable without interference. 

er reproduction of steep yertical changes in the wave for One or more seanping generators or scanning amplifiers may also be 


Tnad EF seapoaen { 
lequate I-f response produces improper reproduction of the flat ag I ea 
ndard so that it may 


ing is provided so that the 
form of auxiliary optical system is 


portions of the wave which 
tend over intervals com 
with the period of the 


Frequenci to keep the 
Dimensions of Syn 


nizing Pulses. ‘The dimensi¢ {) the ieonoseop 
of the sy1 Honoscope (iconotron or superemitron); and 
The first three employ the storage principle whereby the effect of the 


ended standard wat 
form areshown in Fig. 12. The 
istinet types of 
pulse. The horisoniat ae 
exists on the blanking pul 
between the scanning of 
line and al sa duration 
he duration of 
The Mona 


of ph 


play 
instante 


plate, 


extends for 3 times the durati 

ids luratioy 
euatising syne puts ex fate 
uilse in two groups of six pulses each, tte 
pulses is twice that of the horizontal s mits theo 


usually synchronized by the leadin 
ly syneh by #g edge of the hori i 
the synchronizing action must be precise, the leading ae beshamamme AM in the 


incident light is stored 
image dissector 
‘n each picture element at the ini 
luminous sen: 


foating on the reverse side of the f 
Z y Tons from the mosai 
immediately b verti distribution correspond 
2 insulation previ 

ire mints fac tey pele s the charge image to increase in magnitude for as long as the light 
scanning generators at transmitter and receiver is on the mosaic. 

he mosaic is 


age in focu 


(2) the orthi 


an instantancous 


Epica 


nd electri 


which is a mics 


thereby 


je‘arm of the tube. 


be moved readi 
amera may be directed at any angle. Some 


s charge acro 


y from 10,000 to 100,000 times that of the 
antaneous devices, depending on the storage and photoelectrical 

iencies and the number of reproducible picture elements (Art. 12). 
26. The Icono: e. 


With its optical uxiliaries. 
sheet. coated 


dsensitized silver, insulated from each other and from a graphite 


"The camera is ordinarily mounted on a 


and a universal mount- 


provided to enable the operator 


At present, there are four important types of electronic camera tubes: 


iconoscope (orthicon); (3) the image 
“) the image dissector. 


‘1 capneitance element. The 
using only that light present 
fanned. The storage devices 


is dey 
ant iti 


s shown in Fig, 14 together 
image is focused on the 
ith several million globules 


iconoscop 


plate, ‘The optical image releases elec- 


irging the plate positively with a charge 
i point for point with the distribution of light 


nts redistribution of this charge and 


canned by a beam of electrons generated in the electron 


‘The beam, impinging on the mosaic, 
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Electron 
seanning beam, 


(wall coating) 


Secondary electrons 
returning fo moses 
4 


Armplitied 
camera 
signal 


Fra, 14.—Optical (top) electrical (bottom) arra Ha ents used witl 
Pp) and ical (bott h 
ti n) gem 


gonsequently the output current is 

illymination responsible for aca 
he secondary emission is eo 

through an external Poublne Hey 

on the back of the mosaic support 

the electron current passes is accord 

ance of the secondary emission 

capacitance between * 


negative” with respect to 
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jhototube which integrates the light on the scene, _ A d-c voltage derived 
fom a manual control (or from the phototube in the second case) is 
inserted in series with the output of the iconoseope. 

‘Since the mosaic is insulated, the current flowing toward or away from 
it must be zero, when averaged over any extended period of time. The 
average d-e value of the collected secondary emission must accordingly 
be replaced by electrons from the scanning beam. 

Orly a part of the secondary emission is collected from the mosaic, 
"Phe remainder, falling back on the mosaic, sets up a distribution of charge 
which, when scanned, produces a spurious signal whose effect is to pro- 
duce an unevenness in the background shading of the reproduced picture. 
‘This spurious signal (‘‘dark-spot signal”) must be compensated by a 
shading-correction signal gencrator (Art, 

‘The color response of the typical iconoscope mosaic (when the mosaic 
has been silver sensitized) is very similar to that of the usual panchroma- 
tic negative-film emulsion used in motion pictures. 

‘The sensitivity of modern iconoscopes under optimum conditions varies 
from about 1 my per millilumen per square centimeter illumination on 


Coil producing 
{ axial magnetic field Transparent 
[Prosited ese 


: 


is 


ylens 


<_ —_ouiet 


Image on mosaic 


Je Scanning beam hits 
Z > iosaie perpendicularly 
if ‘Signal 
Horizantaldeftecting © — Verkcal deflecting Pt 
plates coils 


Fie, 15.—St1 


the mosaic surf 
igher lumina 
Voltage of the 


ture of the orthiconoscope (“‘orthicon”), 


co (low values of illumination) to about 0.25 my (at 
¥ rve between input illumination and output 
? pe is characteristized by a gamma (Art, 72) 
st about 0.7, the curve is of the saturating variety. The output, 
oa sed by increasing the current used in the seanning 
bins light well as by illuminating the interior of the tube envelope by a 
ight. 
Bay. The Orthiconoscope. ‘The orthiconoseope (Wig. 15) operates 
oy to the iconoscope except that low-velocity electrons are used 
tree ttning. Consequently no observable condary emission effects 
lee » and no spurious “dark-spot”’ signal is generated. The scanning 
Feakttons themselves are collected and passed through the coupling 
istor back to the mosaic, A two-sided mosnic is used. 
jeghh? Photoelectric emission from the mosaic is suturated in the orth- 
an 1d copes consequently the relationship between input illumination 
Cig citPut voltage is linear (the gamma is unity). ‘The sensitivity of 
thet’ models is about 2 my per millilumen per square centimeter on 
Mosaic, although theoretical sensitivities as high as 10 mv are possible. 
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sec. 
an ee low-velocity Sectrons We, seanning spi incurring defoe 
of the beam, it is necessary that the scanning beam impinge d pe" be where it 
larly on the mosaic at all points in the scanning pattern. “This req fopposite end of the tube 
ment is met by a rather unorthodox deflection technique which employs 
combination of axial magnetic field and transverse electric field’ 
horizontal scanning and a transverse magnetic field for vertical sea 
The high sensitivity, freedom from dark-spot signal, and conven 
optical arrangement of the orthiconoscope have made it a serious ¢9 
petitor of the iconoscope in current broadcasting practice, 


coils external t 
gructure is employ red 
current ‘composed 


pat cur 
sensit 
rn 
inlinear (gamma unity), 
is directly proporti b 
See ery ‘evaluation ‘of the d-e component is necessary. 


r analago 
to that in the iconoscope. T 


mage, produces a high 
value of stored charge than in # 


250" 
Tro. 18.—Cireuit dingram of an iconoscope preamplifier. (After Barco.) 


Gee ov er. (Alt 
e zy ‘ , 30. Preamplifier. A typical preamplifier for use with an iconoseope 

tar ite ence PO gee is shovn in Pig. 18, ‘Lo preserve a high signal noise ratio in the Grst 
Ne Te Biriieector”, ** 198° Contimoter have been. fouudl 6, an effective value of about 300,000 ohms is used as the coupling 


typical tubes Tesistance, with a shunt eapacitance of about 8 wuf. The. poor h- 


7 _- ti ok Ce ii ination ii ed in the third stage, 

29, Image Dissector. ‘The image dissector (Fig. 17) RyPense incident to this combination is eompensat imped. 
for the televising of motion-picture film, where the light source may tn cmploys a ain tee ed and Tour leaks Be dena 
brilliant and highly concentrated. For general pickup work, th Video un ee ce Cart. 88) with fat response 10.5 Me, ‘The output 
sensitivity of the device is a disadvantage when compared with »-amplifier stages (Art. 38) wi 


i i ity gain and present 
jickup tubes. Ste is a eathode-coupled stage having less than unity gain and 
ONE i i indri ‘ Me an output fiepeianne which matches the characteristic impedance 
dadow ab apa end Cero eek eae joe as choles with sn. of (65 ohins) ot the enaxial cable. . The camera signal is sent over this cabie 
window at one end through which the image is admitted to the photocatho the control amplifier for mixing with the synchronization impulses. 
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‘The output of the shading-correction generator (Art. 35) is inserted 
Fivctly: in series with the signal plate of the mosaic. 

SL, Synchronization Signal Generator. Timing Unit. The syne 

tus (Hig. 12, Art. 23) must be properly timed and properly shaped. 

Kiming function is carried out in a timing unit, a typical example of 
which is shown in Fig. 19. ‘The unit setae two outputs at 60 eps and 
$13,320 cps (for the R.M.A. standard video signal). ‘The 60 eps output 
Ht jerived from the basic 13,230 eps oscillation by frequency multipliea- 
tion and di n; multiplication to 26,460 cps and division in four steps 
HPT (to 3,780 eps), 7 (to 540 eps), 3 (to 180 eps), and 3 (to 60eps), | Fre- 
cy multiplication is carried out in a frequency converter tube, the 
piston: in multivibrators isolated by buffer stages. 

The locally generated 60 eps signal is then compared with the 60 eps 
voltage of the power system by feeding the two sources to a discriminator 
diode which develops a d-c voltage proportional to the amount and 
direction of the phase difference between the two sources. This d-c is 
an a-f-c it to correct the frequency of the basic 13,230 eps 
ator from which the locally generated 60 eps is derived. In this 
he 13,230 and 60 cps outputs are maintained in synchronous rela- 
hip with each other and with the frequency of the power system. 


4 Bae 
bed bonting creak 
lero 
26R8Ge og em stem 
BE 
SRO (Sve vne 8 ree i 


tg 
Fic. 20.—rypical horizontal shaping unit of a synchronization signal gener- 
ator (441-line image). (After Deal.) 

. Synchronization Signal Generator. Horizontal Shaping Unit. 
Figure 30 chore ane portion of the shaping unit, of the synebronizing 
faa! cenerator, the horizontal shaping unit. ‘This unit accepts the 
me, 0 cps output of the timing unit and produces from it the several 
Hive forms required for the R.M.A. standard signal (Pig. 12, Art. 23). 

© upper chain of tubes produces the horizontal syne pulses at 13,230 
PS, the successive tubes being employed to obtain the required duration, 
GAP and steepness of front required for these pulses. ‘The middle 

in’of tubes produces the serrated vertical syne pulses continuously 

460 eps, ‘The bottom chain produces equalizing pulses at 26,460 
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. ee ‘ ‘ tical shaping unit accepts the 
eps. All three types of pulse are produced continuously in this po Bieoal are shown'in Fig, 22.) The yer ae eeruived keying signals 
of the generator, They: are interspersed in the proper order (Fig Peps output of the timing v ‘bes which introduce the necessary wave 
by the action of keying signals in the 6F7 tubes at the right of each ch Geveral chins of shaping tube ; 

he interspersed signal (composite synchronizing signal) is then a ing and delaying 8etONs, aes blanking signals wh 
fied by the stages at the extreme right and is applied to the con * The vertical shaping: wel r to introduce the black 
amplifier for mixing with the camera signal, Papp’ (0 tae ote ste of blanking signals are generated: one: 

83. Synchronization Signal Generator. Vertical Shaping Unit. 4 ety ‘of somewhat shorter duration, for 
vertical shaping unit (typical example shown in Fig. 21) has the fang 


Each group of 
OUTPUT KEYING SIGNALS ontal and vertical square waves recurring 


i controlled by vertical and 
: erators are contr . 
sisontal driving impulses, which are somewhat narrower and sharper 
Hoey jorresponding syne pulses in the composite video signal. 


Horizontal syne signals 
q WRT 
LTA Lt LILI 

“Keyout” region (Keying signal 


“henbinegon Equalizing signals 
UUUUUUUUUUUUUUR UU 


Tey out Key out 


Keying signal 
Spee _lenlical syne pulses 
TET 


L——!"Key out "Keying signal 
7 


Theyin 


Voltage 


‘Composite syne signal 


Time—> 
ing signals in i orsing the components of 
—Funeti he keying signals in interspersing 
—Pumetion or eompoalte eyichronization sign 


fr 
Kia, 21.—Typical vertical shaping unit of a synchronization signal gener 


(441-line image). (After Deal.) 
of produ ing so-called keying signals at a frequency of 60 eps. 
keying signals are applied to the sereen grids af the keying tubes im 
horizontal shapi is on of the keying signals is to allow 
pass, or to block, the synchronizing signals passing through the ke 
lubes. Thus a negative keying signal is required to block the pass 
of the horizontal ynchronizing signals during the vertical blanking p 

ig. 12); a positive keying signal is required to allow the serrated ve 
syne pulse to pass at the proper time during the ficld blanking inter 
and a two-part positive keying signal is needed to allow the equali: 
pulses to pass immediately before and after the vertical syne puls 
shape of the keying signals and the synthesis of the eomposit 


{ two amplifier 
emicomposite” 
nal is controlled by 
thus controlling 


pronizing signal amplitudes, thus allow the establishment of the 75-25 
Der cent relationship demanded by the standard signal. 
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__ 35, Shading-correction Generator. ‘The shading-correction gene 
is a device for producing wave shapes of saw-tooth, sine, and paral 


t 
$5455 +250 

ates 280 
We, 23.—Typical mixing video amplifier for combining camera signal, bl 
ing signals, and composite synchronization signals. (After Bareo,) 


Syne 
eee at 


control 
iorizortal 


sowlooth 
nerator| 


B230cps 


E, si ied 
. B+ 
Fig. 24.—Typical shading-correction signal generator. (After Bedford.) 


shape at vertical scanning and horizontal scanning rates (60 and 13, 
cps, respectively) in synchronism with the seanning motion. ‘Tht 
wave shapes, controlled as to amplitude, phase, and polarity, ave int 
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Bec. 19) 
.j in the preamplifier (Pig. 18) to compensate the spurious shading 
signal generated in the iconoscope. A form of shading-correction 
merator is shown in Fig. 24, The horizontal saw-tooth generator used 
to deflect the beam in the iconoscope tube is used directly to produce saw 
tooths of controlled amplitude and polarity, as well as 13,230 and 26,460 
tps sine Waves of controllable amplitude, phase, and polarity. Similarly 
¢ output of the vertical saw-tooth generators is used to produce similar 
siqnils. Reversal of polarity is provided by an amplifier stage. ‘The 
Avitches control the polarity, resistors Ay, Rs, Rs, Ry, Rs, and Rip control 
tunplitucle, and resistors Its, 24, Mx, and Ry control the phase, Methods 
of producing saw-tooth waves of controllable phase are also available, 
using ‘“‘clipped-off” portions of the basic saw-tooth waves, The shad- 
ing-correction generator controls are manipulated manually to correct for 
the observed defects of shading in the image as viewed on the monitor 
picture tube. 
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VIDEO AMPLIFICATION 
Requirements for Video Amplification. ‘The transmission system 
transmit all sine-wave components within the video range (¢.., 30 
{ Me) without amplitude discrimination and without phase 


86, 
thust 
to 
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discrimination, ‘The gain @ of a pentode amplifier stage (plate resi kin?) inductance Lo is in shunt across the shunt capacitance Ci. ‘The 

large compared with the load resistance) is ign values of Lo and Rp (the load resistor) are based on the shunt capaci 

G = ged eo C;, on the maximum required frequency in the video range fous and on 

Onle {wo design constants kr and ke which relate the impedance of Le and Ro, 
where gm is the grid-plate transconductance of the tube, and Zo ix respectively, to the impedance of C; at the maximum frequency finax- 

output impedance of the coupling connection between the stage and | 


following transducer, Over the video range gm is independent of. (16) 
uency; hence the amplitude and phase responses of the amplifics 
determined solely hy Zo. . (7) 


In video amplifiers, Z» consists of A, L, and C components so pro ; ‘ 
tioned as to display a constant magnitude of impedance and a. ph ‘The yaluos of kx range from 0.8 to 1.0; most designs are based.on ke = 1, 7. 
angle proportional to frequency over the video range. ‘The lower tho load resistance is made equal to the impedance of C. =e pastnara vd. 
queney limit over which these conditions may be met is determined ence of Ae rane froin 03 0. Ieus raonh daabipea re eas Oe = 05, 
the series impedance of the coupling eapacitor, whereas the h-f li fr, impedance of the inductance Zo is made one-half as great as the impedance 
determined by the shunt impedance of the capacitance existing in 12 T T1 TNT 
across the coupling connection. The value of gain within these lit | I { 
depends on gq and on the value of the load resistor, since this is ol aa [ | 

; : t 
| 


principal component of Zs within the video range. a 
37. High-frequency Compensation. To. minimize the effect of 
shunt capacitance, it is usual in video amplifiers to insert a small ind 
ance either in series with the load 
tor (shunt peaking), in series with 
coupling connection (series peaking), = 
a Gi of the two (shun’ tH | aR) Velbon) lk M lve]? | 
peaking). e inductance is us ° = all 
form a resonant eireuit with the sh eres? batt Mian 
capacitance af a frequency above > + ~ 7 T t 
upper limit of the required v-f range! o2|__|- | Hl 
the rising resonance characteristic is Ul | 
for tp, to counteract the falling off of th 3 mil 
ol fo 


value at the upper frequ . 7 
The load resistor must similarly, t/t Relative frequency 
—Gain of a shunt-compensated video amplifier. 


CO Eni 
[Her 2 Re + os H 
1 bork Co 


& 


Relative gain 


S 
5 


0 
0.001 00} 


High frequencies Low frequencies chosen in terms of the total shunt of 


B ce itanee, so that ye gain in the a 
Fic. 25.—High-frequency frequency range (where reactive eff Of C;, at Lies ‘4 
compensation by the shunt are not prominent) will be the sam Mentd Cea ot PS ee oe eine Sem ceens et trstmecey. bovetee 
aking method, with equiva- it vher ive eff Sto ar i it he 
lees cirouita for’ high and low = oe Tn ante reactive ¢ hi -0, the expression for the gain of the shunt, 
Semi eyeie ad Tn all cases of h-f compensation: 
basic factor is the total shunt capacitance C, associated with the 

pling connection 
Ce = Con + Con + Conl@ + 1) + Coury 
where Cx = output tube capacitance 
Coe = input capacitance of the following tube 
Cyp = grid-plate capacitance of the following tube 
G = stage gain of the following stage 
Cyuay = total shunt capacitance due to wiring, tube sockets, 
minals, et 
In pentode amplifiers Cy may ordinarily be neglected. 


GmRoll — Hhe2(F/fmux)* +  — ku) (F /fronx))) 
Cfeanx)® (hi /fenax)® — 1) 
at frequency f, and the other quantities have been defined, 
ude of tia Gauntion is plotted in Fig. 26, and its phase 
+ for several values of ki. 
fied design equations for shunt peaking (kw = 1 and ki = 0.5) 


(1s) 


1 
Ro = FhoaxCi ba 


Lo = 0.5CRo* (20) 


3." Values of Ro are 2,000 to 4,000 ohins and of Lp are-50 to 100 xh. 
inn Ti¢s-peaking Compensation. The compensation in- Fig. 28 has an 
Atage over the shunt-peaking system in that the inductance L- isolates 


ets Of tho catpnt and input capacitances Cy aad Cy wusrens in the 


38. Shunt-peaking Compensation. The most widely need h-f compe 
tion scheme (Fig. 25) is known as shunt peaking, because the res 
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shunt-peaking 


arate, Co and C; are directly additive. Since Co is 
C1, for a given 


-f limit Ro may be made correspondingly larger; he 
90 


3° 

60 
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£/fngx. Relative frequency 
Fie. 27.—Phase angle introduced by a shunt-compensated video amj 


gain of the stage is increased. On the assumption that Ci/C) = 2 

assumed condition), the de 
equations for Ro and Le 
follows: 


ae: Seta 
Le = 0.67 CR? 


With these values the gain 
form up to fms, and its valk 
per cent greater than the 
the shunt-compensated st 
the same values of Co, Ci, and C, provided Ci/Co = 2. 
Shunt-series-peaking Compensation. The combination of shunt 
series peaking (shown in Fig. 29) allows still higher gain by combint 


Fra, 28.—The series-peaking system of 


high-frequeney compensation, 


Pia. 29.—Combined shunt- and series-peaking system of high-freql 
compensation. 


virtues of both connections. Assuming Ci/Co = 2, the design equations: 
1s 


Ba Selah 


Lo = 0.120 Ro? 
Le = 0.52CRo* 
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‘uax uniform gain, which is 80 per cent greater than 
ongi yr gear uear ‘The relative merits and design 


Hat of ie threo methods of h-f compensation are shown in Table Il. 
‘Tapue T.—Ficu-rreavexcy Compensation Systems 


| 

| Rela- | Variation in 
tive | time delay, 

| gain | seconds up 

| at firme | 10 fonax OPS 


Type ) 


a 5 0.085/fenax 

ensated.. Y(QxhaO) | our-02- | - 0.707 
a +f OG | 25252225 | 120” | 0:023/finax 
ee (Gi/c ="). Veale | OCR |G ereinie| 18 | 0:0113/Feee 
0.52C,Ret | 1.8 | 0.015/fmax 


(eve = 2). | 1.8/(2xfaumeCs) | 0.120 


i cy Compensation. The amplitude response of con- 
Bo schenen dacceitence-touplsd amplifier stages at low fre- 


Lit : 
Tio. 30.—Resistance-eapacitance method of low-frequency compensation. 
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0 
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f, cps : 

mplitude response of low-frequency compensation system. 

S usually satisfactory, but the phase response at the low 

is troublesome. 


5 " . id 
Posie’ Phase angle introduced by the coupling connection C- and the gri 
t Re of daerenintrod stage is sufficient to prevent proper reproduction of 
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square waves of 30 or 60 cps fundamental. frequency, unless very large ¥: 
of C.and R, are employed.. Large values of Ce introduce shunt capaci 
ground, aud large values of 2, introduce grid-current difficulties in the fi 
ing stage. Large values of Celty may induce relaxation oscillations. 


Rara/(u +1) 


50) m= r/G TD (8) 
Bao Animportant practical advantage of the cathode-coupled stage is that it may 
0 | He sRibied to the following transducer without the intervention of a coupling 
3 fapacitor, co that the dec as well as a-c components ‘of the video signal are 
560) Teinitied, No pains need be taken to, preserve the h-f response, since the 
2 | Yow value of impedance makes the shunting effect of the output capacitance 
§ 027k, hogligibly small. 
gy 4, Transient Response of Video Amplifiers. ‘The response of a video 
Ex——4 aan unplifier to the Heaviside unit pulse of voltage is a general criterion of 
F- 

to} meal i 200} 

0 LU t 

Ol 1 0 10 
f,cps 
Fic. 32.—Phase response of low-frequency compensation system. 


zly it is usual to compensate tho effect of the time constant Celty by 
introduction of filter #eCr shown in Fig. 30. t 
‘The design equation is : 
CrRoRr 
Ro + Be = Oe 
When this condition is met, the gain at low frequencies is 
_ UifeanRo 
vi i) 
where G = the gain at frequency f 
fe =1/QnCrRy) 


jovi. 
‘The amplitude and phase of Eq, (27) are shown i 
of RrCer from 0.15 to 0.5 should be used to keep the point of zero-phase 
below 30 eps, as indicated in Fig. 


42, Cathode-coupled Stag For many purposes a video-am| 
ing low output impedance is nee 
Hip h the impedance of coaxial cables 


~ the stage to feed many high imp 
4F sources at once). ‘The eathode-coupled stay 1 —ransiont response of single and multistage componsated video 
33) is commonly used for this purpose. amplifiers. (After Bedford and Fredenhall.) 
{of this stage is less than unity, and its 0 Hidoo-amplitior re Ise is difficult 
© impedance can be designed readily for values tomeasur, eimate a ise 28 ciel 


as 50 ohms. The amplifier, being degent 

has lower values of input capacitance, is freet ‘Muratio, 
mplitude distortion, and is Tess affected by el y 

in supply voltages than is the conventional 

fier stage, 

‘Phe gain of the cathode-coupled stage is 


G 


Z compared with the 
Fie. 33.—Funda- ted on this assump- 
mental cathode- 
coupled stage. 


Eg Re j 
r, + Ree + 1 F, BY 0.5 (Art. 38). 
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44, Noise Limitations to Video Amplification. One of the 


limitations to proper video amplification is inadequate signal 


] 
fo Cem;274410 Pa) vols 1 
to 
Masai 3 
2 Jes! 
f iu 
10 ‘rc Af 
| See 
3 ef T=300°R. 
H Pal 
100 1000 vogo00 
Zoe 
Fic. 35.—Thermal agitation voltage generated in wide-band cire 
TT ene 0 HMB 
fy t2>: 


&8 


s 


s 


s 
| 


Shol-effect masking vollage, rms, enicrovolls 


8 
1 
T 


i} 234 680 2 40 608000 
Plate current, I, ma. 
Fic. 36.—Shot-effect noise generated in wide-band circuits. 


ratio. The two sources of circuit noise, thermal agitation and o1 


effect, are evaluated in Figs. 35 and 36 for a transmission system 
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to the video range. Values of 50 to 100 wy are common. For a 
J/noise ratio of 10:1, commonly assumed as the minimum acceptable 
tertainment purposes, the desired signal must accordingly have an 
‘amplitude of from 0.5 to 1.0 mv. ; 
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TION, R-F AND I-F AMPLIFICATION, DETECTION 


{8 Video Modulation. Video modulation is based on the same con- 
of th 8 audio modulation, with certain specialized requirements. 
he limitations is the small amount of video-signal voltage which 

* generated in currently available tubes and circuits, The high 
Hee to ground of large water-cooled tubes requires the use of 
values of load, resistance to maintain response over the v-f 
he voltage which ean be developed across the load resistance 

m the emission current. At present it is difficult to generate 


than the 1,500 or 2,000 volts, peak-to-peak over the video range 
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from 30 eps to 4.5 Me. When high-level modul: is used, th 
is usually consi expedient to use grid-circuit modulatior 
than plate-cireuit modulation, since the voltage requirements 
modulation are less by the amplification factor of the modula 
Low-level modulation is not similarly restricted but has not 
popular because of the very low efficiency of the modulated r-f 
which follow the modulator and’also because of the difficulty of 
ing the characteristics of vestigial side-band transmission (Art. 4 
the r-f amplifiers are highly linear. 

The second unusual requirement in video modulation is the 
for feet two levels in the modulation envelope at 
amplitudes. ese levels are (1) the tips of syne pulses, 
maximum amplitude of the envelope; and (2) the blanking 

lestal. Since these levels must remain constant regardless 
changes in the wave form of the camera-signal component, it is 
to couple the modulating amplifier conductively to the modulated 
fier, ‘This makes necessary a separate power supply for each 


Modulated 
r-Famplifier 


Rf excitation 
(carrier source) 
Fic. 37—-Fundamental circuit of video modulator. 


typical arrangement is shown in Fig. 37. Here the modulating 
amplified is coupled conductively to the grids of the r-f amplifier. 
B supply for the modulating amplifier is in series with the eat! 
At the grid of the modulating amplifier, it is necessary that the 
level and syne-pulse tip level be canstant.. The latter levels are 
to assume fixed values by passing the video wave form through 
rectifier whose cathode is connected to the modulating vid 
grid. ‘The load circuit values are chosen so that the rectified d-c 
tial across the diode assumes a level at the tips of the syne 
just below the tips (the difference being required to supply 
current), The voltage across the diode forms a part of the 
of the ‘modulating amplifier. The composite wave form, 
more ively than the tips of the syne pulses, causes the mé 
amplifier output voltage to extend more negatively than the syne 


This output voltage, applied to control the amplitude of the 


r-{ amplifier, causes the svne-pulse tips to assume the peak posi 
envelope, while the blanking level and eamera-signal ‘components 
to lower levels in the envelope. The syne pulses and blan| 
maintain constant amplitudes, whereas the average on the cam 
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nent changes with the background illumination of the scene (see 
(0, Art. 19). F z hi odue 
Vestigial Side-band Transmission. The side bands of the modu 
vestige resuming a maximum video-modulating, frequency of 
xtend over a total region of 9 Me ‘0 conserve space ae 
‘ut the same time to secure greater efficiency from r-f and 1- 
N.T.S.C. recommended standards specify vestigial side- 
ie-band, selective side-band, or “single 
In this system a part of ne lower iran ioy 
is completely attenuated, By this means the upper side 
aide par‘Fanamitted. completely. with 4.0 to 4.5. Me width, within the 
BMe channel assigned by the FCC. A portion of the lower side band, 
“within 1.25 Mc of the carrier frequency, 1s also transmitted. 


annel tion for vestigial side-band transmission is shown in 
Sees at tho top. the tower gure shows the corresponding characteristic 


025 Me 


he as 
“qido-band transmission). 


6 


Upper sideband 
~ Approximately 40 Me. 


Relative output 
4 
5 


Relative response 
2 . 
a 


° 


S 


3 $2 53 4 


3 i i it Bottom, 
 S-—Top, output characteristic of television transmitter. a 
Corresponding input response characteristic of receiver. 


the picture. signal-carrier 
nal level, and the curve of 
Th ment develops 
receive double- 

modulation of the 


mts fh 

ly 5 ted, 80 2 
a oad aauat amplitude in the detector output, 

‘acter shown at the top in 

In Fig. 39 the 


or. 


Modulatio, 


m, are customarily forme 
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“gee, 19) 
lines, In addition to the filter shown, a sharply tuned “notching, fil _ 


usually used to provide additional attenuation at the sound-carrior frog P iL (30) 
of the adjacent channel. R= NG 
47. Allocation of Television Channels, igure 40 shows the alloe a sucusaeeiens A Thi ’ 
of 18 six-mogneycle channels for television in the rogion between 44 ’ here = total frequen Nath of the rogion within which the rosponso is 
300 Me allocated by the ICC. "The five channels lowest in frequen: desired within unity nnd 0,707 a aireult impedance 
currently considered most useful for public serviee, because of the gi R = waximum value of impedance whic 
transmitter and receiver efficiencies in the lower frequencies, , Zemay have. be as high os possible. Tt is usual to 
quencies from 150 to 500 Me k For maxima gain the L/C rato should be aa high as po Mee patina cioat 
Input f G ‘Antenna heen employed for relaying te Beirne this capacitance to resonance by omploying & variable value of L. 
i sion signals between stations, 


transmitter ‘The londing is determined from Bq. (30). 


48. Wide-band R-f Amplifi 
The gain of a wide-band rf T LL 
tode amplifier is equal to the p 

uct of the tube transconductane 
by the load impedance Zo} a a 
maximum gain perstage both gm 
the absolute value of Zo mu 
as large as possible. To mi 
the proper band-pass chara 
ties, Zo must be designed to h 2 01 
as nearly constant amplitude a 3 
nearly linear phase as possi pee 
the desired operating range a Re 
have nearly zero impedance outs 8 
these limits. ‘The design of a2 
optimum Z» to meet, these conditions is best attacked from the standp : 


ee Ly 
R4), [Rt he : 3 
ot band-pass filter theory, as indicated in Sec. 6 of this handbook, ‘ Vi #) eee 
Some general considerations are revealed simply in tho analysis of 080 08 090 095 100 105 
single loaded tuned circuit, shown in Fig 41. At the resonant fteejaoney #/f,., Relative Frequency 
the impedance of the cireuit is equal to the value of the shunting realtor, BO yobs a a ean tatgerute mieaeiecdel vat thet rincle 
py pesence “ronded tuned elroult (Insat). 


Since tho single-tuned circuit cannot display a uniform impedance oyer an 
slonded ‘hand’ widths ie is usually” dosiable. to employ ‘coupled cireuits 
plod capacitively, self-inductively, or mutually inductively) to obtain a 


jer frequeney, 
ional to the L/C 


Absorption 
resistor 


P 


0, 39.—Blements of a vestigial 
side-band filter. 


«quencies from 30 to 300 Me, according to regulist 
of the Federal Communications Commission. 


frequencies removed from resonance, the impedance is less by the am 
shown, and the degree of attenuation depends on the ratio of the rosistam 
the impedance of the inductance at the resonant frequency. The 49, 
relationships between the impedance and resistance are shown in Tift Yee: 
‘The corresponding phase relationships are shown in Fig. 42. ’ telev : ethe 
The design of the single loaded tuned circuit is based on the nocessit ‘Pt that lower carrier frequencies are used. Also, since most of the 
(1) obtaining resonance at or near the carrier frequency and (2) loadin Fit in a television receiver resides in the i-f amplifier stages, the problem 
cireuit to present nearly uniform response over the side-band rowions. taelectivity against interference from udjacent channels must be con- 
particular, if it is desired that the eireuit display an impedance at the Wnded yin “2 “ 
of the side-band regions equal to 0.707 times the impedance at resonance hiews Fi az an Reta 
value of the resistance required is ithe band-pass characteristic of an ideal picture i-f amplifier eyeytet 
+43. The values of carrier frequencies are those recommen yt 


Picture I-f Amplification. The design of i-f amplifier circuits for 
ition if isnale & amnilar to the desten of wide-band rf cirouits, 
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R.M.A. Committee on Television, 


12.75 Me for the picture. ‘The « 


the adjacent sound channel, and 6. 


sitely adjacent channel. 


to display selectivity against the two sound chai 
the associated sound channel and ut 
sound carrier. The usual y: 


60 db at 14.25 Me, 


Me for the sound cari 


adj ier ‘requencies are 14.25 


Ordinarily the picture i-f circuit need be d 


is only, at 8.25 Me 
against the adjacent-¢ 


‘alues of attenuation are 40 db at 8.25 


of 


ag 
3S 


ingle, deg. 


¢a,Phase or 
SS 3808 


Fic. 42.—Phase angle of impedance of single loaded tuned cireuit 


i 
080 08 090 


Associated 


30 
& 

: 05) 

2 
80 90 


Fia. 4; Bie: 


‘Sound carrier 
6.25 Me 


095 
ff, 


oe oa _| 
100 10S 
Relative frequency 


Picture Adjacent 
carrier Sound carrier 
1275Me 14251 


nse curve of typical television intermediate frequency 
ier, according to R.M.A. recommended practice. 


To produce the recommended standard i.f, of 8.26 and 12.75 Me, 


frequency of the local oscillator must be 8 Mc 
the upper frequency limit of thé channel under e 


the 50- to 56-Me channel. 


higher in frequen 
ideration, i.e., 64 


The gain vig stage in picture i-f amplifiers stepengs directly on the 
k ¢ 


idth passe 
width of 4 Me shown in 
receivers using a 5-in. catho 


Stage gains of 10 are possible wi 


2rd t 


accepting the full 
For a band width of 2.5 Me, t 


ube, the gain per stage may ri 


A total i-f 
Aube and cirew 


75 Me for the picture carrier of the 
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is usually considered sufficient. The effec- 
M dice at the mput to the first Ff stage is usually 100 nr 


SOUND IF 
CHANNEL 


Fic. 44.—Connection diagram of typical picture i-f amplifier. 


No, 


— 


] 


jacen? sound channel 1 


i 


es 


12.75 e-t-- 


90 100 10 
bee Frequency,Mc 
Response curve of picture i-f am| 


mig’: With a gain of 10,000 the noise vol 


be 1 
Sensit 


= ‘ 
ity greater than this is clearly ni 


20 BO 40 180 


plifier shown in Fig. 44. 
tage applied to the detector 


volt, which is sufficient to make it plainly visible in the cathode 


ot necessary. Total i-f gain 
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as low as 2,000 may be used in low-price 
input r-f signals of 1,000 uv or more. 


d receivers, intended for 


50. Video Detection. The diode detector is used almost unit 


for video demodulation in current rec 
tions are (1) the amplitude and phase 


the detector over the video range, (2) the disc: 
against components of carrier frequency, (3) the loading exerted fy 
cireuit on the i-f coupling circuit which’ feeds the detector, and ( 


polarity of the detected voltage output. 


from i-f 
amplifier 


Detector 


IG. 46.—Typical video detector circuit with filter load circ 
In designing the detector load cireuit, the 


tance to ground of the detector output and tl 
ing vi amplifier. The circuit usually u 
peaking circuit ( 
can be used, under 
determined, usually 


he assumption that C 


vers, 


The important con 


responses of the load ci 


mination of this 


Video 
amplifier 


20 


important factors are the ¢ 


‘he input capacitance of the f@ 


se 


%/Co 


‘ange from 2,000 to 5,000 ohms. 
The simple series-peaking circuit possesses sufficient di: 
carrier-frequency components when the detect 


is very similar to the 
9), and the expressions for Ry and L. [Eqs. (21) and. 


2. The values of & 


vimination 
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arity of the detected voltage output is important because it deter- 
ee fr number of video-amplifier stages required. botweon the, devector 
fhe picture tube control grid to produce a picture haying positive tone 

Se "The two possible detector polarities re shown in Fig. 47. The 
bove-ground connection produces an increased voltage output as 

Initial light in the studio decreases (assuming negative modulation, sce 
#30). Consequently one phase reversal is necessary between the detector 
ad the picture tube. Any odd number of video-amplifier stages suffices 
Tnuully one stage is used). In the anode-abovo-ground connection the 
® polarity exists and an even number (usually two) of stages is required 
Jerwoon the detector and picture tube. The same polarity considerations 
ern tho number of amplifier stages required between the detector and the 
ehronizing input, terminals of the scanning generators, “With scanning 
fuerators synchronized by positive pulses (usual type) the eathode-above= 
id connection shown a: A requires an even number of intervening stages, 

s the anode-above-ground connection B requires an odd number of 


jis usual to operate video detectors with a maximum peak-to-peak input 
trattarc of 10 volts. Assuming full modulation, the peak-to-peak output 
detector internal resistance and load resistance values equal) 
three-quarters of which constitutes the camera signal. A 

Mingle video stage having a gain of 12 is consequently capable of delivering 
0X 0.75 X 12 = 45 volts, peak to peak, in the picture tube grid. This 
Yilue is sufficient to operate the usual picture tube over its entire control 
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SEPARATION OF THE SYNCHRONIZING SIGNALS 
BL ay plitude Separation. ‘T'he separation of the composite synchro- 
figeal from the camera signal is performed after the composite video 
been developed by the second detector. The composite video 
- 48) is applied to a “clipper” tube, which is a tube that cuts 
Trent beyond a certain negative amplitude limit. A triode 


IN 733 
my TELEVISIO: 


duct (time constant) of the combination is made short com- 
Tae ft the treme cope interval (30 sec.) and long compared 
with 
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clipper tube and characteristic are shown in Fig. 48. In Fig. 49 
clipper arrangement is shown in conjunction with the second detee 
is necessary, of course, that, the clipping level be maintained contin 


the Tring qterval (1/13,280 sec.). ‘The leading edge of 
re cntiated wave forms is applied, in the proper polarity, to the 
the dronizing terminal of the horizontal scanning generator. 


Syne impulse 
; Tr current 
Chipper’ Ei to i> 
characteristic, t ~i i y 


oF af 


st 
5S 
5.8 _JUUUUULTIINAAUL 
oe 
B83 
video signal Time> 
F1o, 48.—Clipper cireuit and char- Fic. 49.—Combined se st 
acteristic, used to separate composite tector and sync amplitude Be 
sync signals from camera signals. (clipper). Bed 
° 2s ¢Syne control level 
at the blanking level to ensure that the camera signal does no &e|------5 ee 
synchronization, on the one hand, and to ensure that the m nt 
amplitude of syne pulses is developed, on the other. R = Time> ‘ 
2. Wave-form Separation. After the composite synchronizing “ —Integrator circuit (top) and action on vertical syne pulse (bottom). 
has been separated from the video sign ¥ 
r necessary to develop the horizontal syn Differenfiator 
H i : circuits ~ 


independently of the vertical syne P Ise: 
latter separation is carried out by @ 
ki form separation, sinee 
sets of pulses cannot be distinguished bj 
tudemeans. Essentially wave-form sep 
depends on circuits which respond to = 
tive frequency content of the two sets 6 Mi 
The horizontal syne pulses that are 6 ieee 
duration occur 13,230 timés per s ee 
have a predominance cf h-f component 


as the vertical pulses that are of long d 23] 

and occur 60 times per eecerd have ap Integrator 

inanee of I components. ‘The ratia 4 Pec € ‘ 
requencies of the two sets of pulses 13,28 iB. 52 i i i d integrator circuits for wave-form 
22014 is the index of the degree of fi ‘ice 


difference on which the separator ¢ A 

operate. “eb, Integrator Circuit for Vertical Syne Pulses. The integrator 
53. Differentiator Circuit forHo paiit shown in Fig. 51 develops a syne pulse from the serrated vertica’ 

Pulses. The differentiator circuit Pile and equalizing pulses. ‘The wave forms of input and output are 
Fig, 50 is used to develop the h-f com| Shown. “It will be noted that the initial portion of the. integratas oreL 

the composite synchronizing signal, i.c., the horizontal syne P Pulse is not so sharply rising as that of the differentiated horiz 

series capacitance passes the high frequencies associated with the 

edge of the syne pulse, while retarding all lower frequency compl 
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ynchronizing @ oe. 19) PREBTIBION: 735 
itn 


cay a phide md non-sulphide), and (4) the color of the light produced (usually 
ae f : Wit naracteristics of Electron Guns. Electrostatically focused ‘eloc- 
BF uns are characterized (I) by the ratio of the voltages applied to 
the second anode and the first anode. In present designs this ratio 
them irom 4 to 6.. In addition the guns are characterized (2) by the 
Martrol elcctrode characteristic which specifies the relation between 
Ronfrol clectrode voltage and beam current (second-anode current) for 
Miifforent values of second-anode 
voltage. Atypicalcontrolchar- 100 7 
PICTURE TUBES AND ASSOCIATED CIRCUITS Inerstie of an lectrostatiealy 
56. Picture Tubes. ‘The conventional eathode-ray picture focused gun employed in the } 
funnel-shaped evacuated structure containing an closten ae al W2APA tube is shown in Fig. 54, 
forms an electron beam, and a fiorescent.sereen on which the Gurves of this shape are typical 


of all types of electron guns, 
Horizontal Vertical Electron whether electrostatically or mag- 
scanning coil scanning coil —_; scanning beam 
} , 


 notostatically focused. 
An important characteristic of 
plectron gun is the degree of fine- 
ness of focus, é.e., the size of the 
fluorescent spot formed on the 
Screen. Guns of good design are 
capable of forming a fluorescent 
Spot about 0.005 in. in diameter, 


but production tubes usually 3 + = 
have spots from 0,01 to 0.015 in, Aff B 
Vertical?” 2 i in diameter. ‘The latter spot t 
scannincot — Semningcoil | Size permits a picture resolution 
ng Wall coating of 850 lines when the picture 200 
Fie, 53.—Structure of a typical picture tube, Be it or maore (ions | 


ae 2 A Width 8 in, or more). For 
impinges. The heam is deflected by the spplic tion of transv aad tubes the spot size sets 
or magnetic fields which cause the end of the beam to tr the i Upper limit of picture resolu. 
jtged yeanning pattern over the fluoreseent sereen. ‘The current in Tina! figure lower than 350 
beam is capable of variation from zero (cutoff) to a maximum of se Mes ettt Bin, tubes, for exam- YA 
hundred microamperes, under the control of the signal potential appl Pfetolution of 200 to 25Olines 4 |_ 
between the Gathorle and the gontrol electrode of the eleotron guna PPital performance of eur * 463999 — =]. 0 
he beam is deflected synchronously with the scanning agent in| mes. 1 
camera tube, and the heam current is controlled by the carers st Characteristics of Phos- pia. 54 Maainoce ete 
4 ie vata ions in the beam current produce corresponding variat Charnet "he important operating goteristio, A, 7,000-volt; B, 6,000-volt 
in the brightness of the fluorescent. spot, and the ipreture is. reste of the phosphors second anode voltage. 
; btescont materials) employe “ 
peratin® characteristics of picture tubes depend on the desi  ngitture tubes is the relationship between the light produced, the beam 
ron gun and on the physical and chemical propertios of Be ieht (second-anode current), and the seeond-anode potential, Figure 
fluorescent sereen. The electron gun requires a power supply to form Shows a typical family of such curves, taken for the “P4” white-light 
electron beam. nally the defection flolds must be provided by 53, ee Se ee Et RO dat apt 
of the synchronizing signals of the vdeo signal “™“** *he COMMA tts of transducer in-a television system 4s the relationship between 
Picture tubes are classified aceording to (1) the type of foc ug eri nt variational input quantity and the significant variational 
employed (electrostatic or magnetostatic) in the electron gun, (2) leet itantity. Tn picture tubes the significant input is the control- 
type of deflection (electric or magnetic), (3) the type of phosphor ¢ Prince Voltage, and the significant output is the corresponding light 
. ‘Sho 


__ High-voltage electrode (anode no.2), 


I 
| 
| 
| 
| 
| 


ved on the screen. The transfer characteristic of the 12AP4 tube 
wn in Fig. 56, Note that the relationship is not linear but has the 
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736 THE RADIO ENGINEERING HANDBOOK 4 cutoff) and do not produce light. The total exeur- 

: ‘i jon (beyond sate H) ant feo lmited eo that the control-lectrode 

“antisaturation” shape, corresponding to a gamma greater than u a er becomes positive; sacle conte agatraes ia 

‘This characteristic tends to enhance the apparent contrast of the p pi the —3 or — 10 volts mark: crval, establishes the background 
2 ken ov! , I 

Gee arta): jen’ the seene, provided the blanking level remains fixed at the 


it cutoll polirrent Restoration Circuits. ‘Two typical circuits used to 


4, Direct-curre 1 f > 
ae Bethe blanking level constant at the picture-tube control electrode 
4 


| 
(ae eee 


CREWS 6 0 Black 
High-vollage electrode (anode no 2)meroamperes per sacm. a =30- atts 
Fie. 55.—Phosphor light-output characteristic (type P4 phosphor). 0 ote Age 
59. Contrast in Picture Tubes. The ratio of the brightness ol i 
brightest portion of an image to the ieee ae darkest pot u 
is called the brightness-contrast Blanking... { 
ype 124P4] 1°" = — Owing to the effects of light spre eat 2 2 
‘anode (halation) within the glass em T E 
Wwoltage=6000v. | 125 of the tube the maximum cont i 
‘Scanned area ratio of current picture tubes is Y 
=400 5q.cm, 50:1. Between closely adjacent | 
we i 0100 tions of the image, halation re i 
he SeCTiee Sama Pio. 57 Dynamic action of video signal in picture-tube control circuit, 
about 10:1. 


. Dynamic Action of P ex ; Peele 
ircuit. 1 ; ri . 58. The proportions of C. and R, are chosen 

ee ee & c a ig compared with the line-scanning ada Eu are 

represented by applying the ‘ red to the duration of the changes in background light. 


3 
z 
‘Screen brightness,condles per sq.em. 


i i leo-amplifier tube act as a 

acteriaie (Fg 87) Theva tram the rand eatode mre diode employed The 

forar ia sprlis eo that the Bi sting in conjunction with C-R,, develops # bias equal to the peak 

pe levels Goaennee eee he video signal, "This peak valle Femains fixed (assuming no chango 

(eutoff) point. on the transfer & Signal strength), consequently the remainder of the video signal (the 

0 acteristic as shown. This bias ug’tsienal components) actin series with a fixed bias. | ‘This fixed 

Ta eooleae = must remain fixed at all times, Piss is coupled conductively (either through the amplifier tube, at the 


Control electrode volts 
Fra. 56.—Typical transfer char- 
acteristic of a picture tube, derived 
from Figs. 54 and 55. 


i ing ae [iP OF directly, at the bottom) and forms a part of the control-clectrod 
Hehe ‘of the eine a o ®ontr)ey_ this means the blanking level remains fixed, and, if he a 
light on the screen in accords l-clectrode bias is fixed so that the blanking level coincides wi 
E with the camera signal, whereas 
synchronizing signals to the left of the blanking level are in the 
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the light cutoff point, the background brightness of the scene q 


only on the average of the eamera-signal i i 
Ch Pe ote Sumi "he pete’ as is requi DEFLECTION OF ELECTRON BEAMS 


2 s ture-tube power : " 
consists of (1) a source of high volt. ~ Electron-beam Velocity. ‘The amount of deflection suffered by 
vihiah aot 46 dare tie eet homie ae en ne ef airon scanning beam depends on the velocity with which the elee- 


Statically focused tubes) bring the beam to focus; (2) a source of, fs in the beam move. This velocity v is expressed by 


3 

p=3X roy) 1- (s <i) om per second (82) 
where / is the accelerating voltage in volts (approximately equal to the 
eond-anode voltage). Thi span takes into account the change 
‘electron mass with veloc ‘he values of v vary from 2.66 < 10° em 

second at 2,000 volts to 4.93 x 10" em per seconds at 7,000 volts. 
64. Electric Deflection. The deflection d, in centimeters, of the sean- 
across the screen of a picture tube caused by passage between 
el deflecting plates is given by 


= LIX 10"EMD + YD 
5 “Es . 


a (33) 


voltage in volts applied to the deflection plates 
electron beam velocity in centimeters per second 
Iength of the deflection plates in centimeters 
B separation between them in Lites) 1 
race : = distance from the screen end of the deflection plates to the 
restoration circuits: top, using the video E Bot th i 
WR ree) aoe bottom, using a separate diode. a fect ee oe eee ae i 
tt he cathode of the electron gun; and (3) a souree of fo ical electrically deflected tubes have deflection sensitivities of from 
coil current (in the case of magnetostatically Ae tubes), s 015 to 0.35 mm deflection per volt applied to the deflecting plates, when 
‘PPerated at maximum rated second-anode voltage. 
It consi 85. Magnetic Defiéction. The deflection d, in centimeters, across the 
pee aie cata to approxit m of a picture tube, caused by passage through a uniform magnetic 
0.08 to 0.05 af a Serio filter resiator of roughly 100,000 to 900,000 ol eres by 
apped ler resistor of about 5 megohi ‘A resistor is als ¥ 
serios with the socond-anode output tap to lait the total can oa a=12 


Fic. 58.—Direet-curreni 
grid current for 


__A typical high-voltage power supply i in Fi 
singlo-winding’ transformer of teams cutoue eettene eae 
Vu/14, where Vucis the desived output de 


em (84) 


x 107BID 
4 


2v96 
sag00a ~ j 


© B = flux density of the field in gauss 
{= its length in centimeters 
ield-to-screen distance in centimeters 
66, 11,-@0l°ten-beam velocity in centimeters per second, 
Ton Spot. Negative ions liberated from the eathode of the electron 
are focused and deflected in much the sare manner as the electrons. 
= tric deflection the deflection is independent of the charge /mass 
—Typieal anode voltage supply for a picture tube. i particles; hence the ions and electrons are equally deflected. 
safe value ‘ etic deflection, however, the deflection depends on the square 
for the ‘various electrodes of ne ahaa cathe gperator. The tape bof the change/mnss ratio.” Since the ions have mnsscs several 
shown. rostatically focused electron gt efe2n? times that of the electron, they suffer correspondingly small 
pot. ‘The lack of deflection subjects the center of the scanned area 
befor tus! bombardment by the ions, and this evcatually results in 
tha™stion of a black or yellowish spot. _ The ion spot is characteristic 
Aa combination of electrostatic focusing and magnetic deflection. 


$9000 


Fie. 59. 


iilized electrode structures have been devised, however, which 
Pt the ions before they reach the screen. 
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When magnetostatic focusing is employed, the heavy ions a 
brought to focus by the same value of magnetic field as are the ele 
consequently the bombardment by ions is spread over a larger 
the surface, Accordingly the combination of magnetostatic foe 
and magnetic deflection is comparatively free from the ion-spot diffi 


SCANNING AND SYNCHRONIZATION 


67. Saw-tooth Generators. The saw-tooth 

generated for scanning purposes by the periodic charging and disel 
of a capacitor, The charge-time curve is used to produce the 
seanning motion, and the discharge curve forms the retrace. To 


istic of the following amplifi 
introduce a compensating non-linearity. Certain forms of multivib 
circuits may be used to produce saw-tooth waves directly. 

Usually a separate discharge tube is used to di 
‘The discharge current is passed through a high-va 
controls the timing of the discharge. The impulses applied to the 
of the discharge tube are usually derived from an impulse ger 

although they 


Pulse al charge tub 
pli ou/pu# scanning generators take Of 
i 2 tite £ two form: 
FG. 61.—Multivibrator type of impulse 
generator. 


nS _recommence, 

of the grid cireuit. ‘The sharp impl 
appearing between the grid and ground are used to control the dis 
tube as shown. 

A multivibrator type of saw-tooth generator is shown in 
This cireuit operates by virtue of the connection between the plate ¢l 
of the output tube and the grid cireuit of the input tube. The alté 
charge and discharge of the coupling capacitor can be used to pra 
either impulses or saw-tooth waves, depending on the circuit co 


Peart required for coils exhibiting a large indueta 
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ion of Current Saw-tooth Waves. Saw-tooth waves of 

va Seduced by saw-tooth generators suffice to deflect the beam of 
e Preity deflected tube, which is a voltage-operated device, provided 
qiiat. the peak-to-peak value of the saw-tooth wave is great enough 

ly juce full deflection, In magnetically deflected tubes the deflection 
rtional to the current in the deflection coils; hence saw-tooth 
‘of current are required. The voltage wave form required to 
‘saw-tooth waves of current depends on the_ inductance and 
ice present in the scanning-coil windings. An “impulse” voltage 
resistance ratio. 

fower L./ft ratios the voltage wave form is a combination of impulse 
and saw-tooth wave The several voltage and current wave forms for 
these cases arc shown in Fig. 62. 


Series inductance (i) 
Resistance(R) Inductance (L) palenenNe) 
. a ‘. .s 
VAR V-L& VeIRL Se 
Vv 4 | Vv 
t= = = 
t— - t— 
A B c 


—Saw-tooth waves of current and corresponding voltage waveforins 
in circuits of R, L, and L-R. 


The part-impulse part-saw-tooth wave form may be produced simply 
Applying a saw-tooth wave to a series RC combination. ‘The saw- 
Poth Component, develops across the resistance, while the impulse portion 

Thee t'0ss the capacitance. P Z sto 
‘Presence of distributed capacitance in the scanning-coil windings 
Fike to resonance oscillations when the impulse voltage wave form 
Meplied. These residual oscillations may be damped out by connecting 
I ae tube and a shunt RC circuit in series across the seanning-coil 
Amplification of Scanning Wave Forms. The preservation of the 
ling wave form in the amplifier subsequent to the scanning generator 
ed on the considerations for video amplifiers. Usually it is desirable 
¢ fundamental and 20 harmonics, which makes the range 60 to 
the’, (@ the vertical scanning amplifier and 15,750 to 315,000 cps 
horizontal amplifier. The phase and amplitude characteristics 

Or cians over these ranges. ‘ 
spose” deflection it is essential that the scanning-generator output 
ymmetrically with reat to Sih eS se On 
d out by employing push-pull amplification. The center 

Push-pull one e Prnecved through a high resistance to the 


TELEVISION TAB 


742 TH. DIO ENGINEERING HANDBOOK Sine 
a a x 33 gS express d by the over-all wes ss transfer aaeeeee ( ne. 64). 
- i ic : inates give the range of brightness in the reproduced image 
posed dnote beter lee ares mie acon the aa ofprightness) corresponding to the range of brightness in the original 


without breakdown of insulation and excessive stress in the tube {object brightness) plotted in the abscissas. 


tures. ‘The necessity for high scanning voltages has limited app I sali co Stree ease hit rest aos 
of electrie deflection to tubes operating below 3,000 or 4,000 volte Beate actual shan; 


mut relationship) of each item of equipment in the ’ 
anode voltage, a ‘renoral the actual characteristics cannot be expressed in simplo 


In magnetic deflection, heavy current rather than high volt ic form. However, if an idealization is made, the curves may be 
required to secure full deflection. To secure the current, it is cust din the following form: ; 
to employ a voltage step-down transformer in the output of the se Be = koBoY (35) 
ampules ‘This transformer must meet the amplitude- and pl 


quency characteristics of the amplifier itself, High voltage d et is the image brightness corresponding to the object brightness Bo, 
¢ ( i ik 


bent) stor r the image brightness scale to the 
across the primary of this transformer us a result of the rapid eh Sey ar wee ne oe coe Ce ee ee 
current in the secondary, The amplifier tubes and other com direction of the curvature of the characte: 

must be capable of vis ene these voltage peaks, which often. 

several thousand volts amplitude, 


istics. For unity gamma 


35 


30) 


Tron shell. 25 


0 
200 400 ©600 800 1000 0 05 10 15 20 25 30 
Bo Object brightness candles persa ft Loo Bo 
Fie. 64. Brightness transfer characteristics of a television system, 


in }) the relationship between By and By is linear. For gamma greater 
Mnity the curve has an “antisaturation” shape; for gamma ues below 
Bally the curve has a “saturation” shape. ReeGnCaat Orie eae os 
7O, Scanning Yokes. ‘Th st of deflection cols required for magia Maney is, 2 garot deteruinos the nioetive contrast of the image ae 
deflection is called a scanning yoke. It consists of two sets of coils. Bley proportional to the logarithm of the brightness. When Eq. (35) is 
arranged about a vertical axis transverse to the tube axis, produ Mbtese04 i logarithinve form 
horizontal deflection, and another set of coils, arranged on a ho hp Bulk UL ONIoR ER 
axis transversely to the tube axis, produces the vertical deflection. the tiglanmage sd etl 
Among the factors on which the yoke design depends are (1) the he 
of deflection required (which determines the required number of ti Bene 
turns as well as the allowable physical length of the yoke); (2) the 
sity of providing « uniform field, to avoid defocusing’ the spo 
distorting the orthogonal shape of the scanning pattern; and ( 
‘oportioning of the L/R ratio to secure linear deflection with 
leflection amplifier and output transformer, 


Fic, 63—Construction of a typical seanning yoke (magnotic-defleoti 
system). 


(36) 


(Output) (input)? 


Phere 1 Telates the seales of the input and output quantities and y is the 
CONTRAST AND GRADATION OF TELEVISION IMAG! Rig Sxponent describing the curvature of the characteristics. Bro 


curve i isi i ing the out- 
71. Over-all Brightness Transfer Characteristic. ‘The ability ch curve in the transmission system stecessively, equating 
television system to reproduce brightness contrasts and tonal grat 
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TELEVISION 
put of one device to the input of the succeeding device, it ean be sho 

the over-all gamma of the system is equal to the product of all the sul 

gammas. In consequence, the effect of one item of equipment whose 

is lower than unity may be compensated by that of another whose 

is the inverse of the first. The gamma of iconoscope tubes, for : 
lies at about 0.7, whereas that of picture tubes is about 2.0, Assumj 4 in Kinesoopes, Proc. 1.R-B., 37,400, Tuly 1989, es yoy 
the subsidiary amplifiers, modulators, and demodulators are linear i + Problems concerning the Production of Cathode-ray § sf 
unity), the over-all gamma js then 0.7 X 2.0 = 1.4, i.e., the gamma ig) J. Applied Phys., 10, 479, Tu 

what above unity. The orthicon camera, on the other hand, has a athode-tay 1 

unity, and the over-all gamma in this case would be 2.0, producing a e 11, July, 103 < 
ably more contrasty reproduced image. The desirable value of el pplication to Television, Jour. Teles. Soc., 2, 
gamma, following motion-picture practice, is between 1.2 and 1.7. ‘37, 


‘ubes, Television, 12, 78, 


5) 2] elevision Reseptio Television,” Vol. 1, 
$ ew York, 1036, 
BE #]] be ge Television Images, RCA Rev., 
pect" 8, No. 4, 409, April, 1930. 
% it sé 338 ‘broc. F.R.E', $2, 1386, December, 
7: = We RS . . Het ; a 
Bo Object brightness Egg Amplifier Ej -Vetector uuminescent Screens for Cathodo-ray Tubes, Electror 10, No. 
Sc aa clvegron Optics in Television,” Chap, X11, MeGraw-Hill Book 
Tes |e! Pilea and Dumninescent Propertics of Willeite under Electron 
pied BB be mplied Physn, 8, 762, November, 193 Siri 
were | tee sean a Aa PN Alon Nason Tabes, Communion, 14 
te pil, 1930. aie Pork 
ee % sn cceopel for ‘Television Receivers, Communications, 14, No. 4, 20, 
Eig RF onli cE Wuathe i. ce Tolovision Engineering," Chap. VILL, Sir Isaac Pitinan & Sons, Ttd., 
i Rt enghifer i mdm i087 ; és 
Rout scape sees culpitvotigt a Bro 9: reonoacopes and Kinescopes in Television, RCA Reo., 1, No. 1, 60, 
ee lary Teaneiee ea et natngts to image brightness hry S1My. 1980. rant Development of the Projection Kinescope, Prot. I.R.B., 26, 937, 
sidiary transfer characteristics of the elements of a television sya! cs 2 


| August, 1037, 
value of gamma aids in restoring color contrasts lost through the mi General Bibliography 
matic nature of the reproduct It should be noted that high conte Generst—Books: 

limited by picture tube performance. “Principles of ‘Tel 


Now York, 1940, 
Ru: “Television Broa 


gineering,” McGraw-Hill Book Company, 


The values of the subsidary gammas also bear on the sign McGraw-Hill Book Company, Inc, New 
ratio of the system. If a transmitter gamma less than unity is emy 
most of the picture information consists of signal excursions 
amplitudes high on the dynamic characteristic, above the noi 
compensating higher value of gamma in the receiver may be 

produce an over-all value within the desirable range of 1.2 to 1.7. 


* McGraw-Hill Book Company, 


nin: Electron Optics in Televis 


faker: ing,” o Pitman & Son, Ltd,, London, 1997. 
2 "Television, Enginoering.” Sir Teanc Pitman d& Son. Ltd, Londons 1 


lonton: “Television,” John Wiley & 


Putminan, N.: Television in Jn, Proc, I-R,B», 26, 708, June, 1937. 
r aa vied ine HN iicuinen ne ned is the Curvent RCA ‘Television eld ‘Tests, RCA Rev., 
Picture Tubes and Image Reproduction: 4, No. 3, 30. January, 1987. é nisiics Pot 
gpa ee are aan: Hegetiv Ton Components in the Cathode Ray Be Bene Evora om and X azorn: Solna Toler sion Rrchiemee feos the Motion Picture 
Bonnar, R. 5.2 Televi Brow, Aoi: Pulevision by Blectronie Methods, Trans. A./.E.2., 68, 1153, August, 


1034 pian on 
Cowxin and Gunma: Television Transmitters Operating at High Powers and Ultra 
igh ss, RCA Rev., 2, No. 1, 30, July, cate “d 
Boy Wy Tete oc ‘Studio Considerations,’ Communication and Broadeast Bng., 
prilt B, 14, May: 6, 20, June: %, 17, July, 1937. 
vision Lighting, Four, Soe: Mot. Piel. Bing, 88,41, July, 1980. 
Huens, and Beb¥ouD: Application of Motion, Picture Film, to Television, 
ser Mo. Pict, Eng, 88, 3, duly, 1039} seo alo RCA Rev., 4 No. 1, 48, July, 


Al “1987. 

Characteristics of Phosphors for Cathode-ra; 
er, 1 

Evsrety: Electron Optical System of Two Cylinders as Applied to Cathode-ray 
Proc. JR-E., 24, 1095, August, 1936, 

Tans, H: A Fixed Focus Bleetron’Gun for Cathode-ray Tubes, Proc. 1.R.B» 
February, 1939, 

Jounsox, J. B.: The Cathode-ray Oscillograph, Bell System Tech. Jour., 14, 1,3 


bes, Electronics, 11, No, 12, 81, 


Wed R-F Circuits, Blectronica, 11, No. 
oplifiers, ibid, 11, No. 6, 20 (June, 
» No, 8,18, August, 1938; Part IV, Television 
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18, November, 1938; Part V, Television Deflection Circuits, iid., 12 Ne 
{anuary, 1939; Part VI, Power for Television Receivers, ibid, 12, No. 4, pe 


‘Televi 3 
Foxx, D.G. %, eceiver (in six parts) Electronics, Part 


Scanner, Jour. Soc. Me 


11, No. 9, 22, September, 1938; Part IV, dhid., 11, No. 10, 16, October, 1938; 
A Television Receiver for the Home, Blectronies, 12, No. 9, 16, September, FACSIMILE 
i al System 
Goupaank, 
Gorpeiete Ay ‘et Segara oe that branch of the science of graphic eleetrieal communication which 
al 
System Tech. Jour., 6, 560, October, 1927. ‘Original subject matter. Such information cannot be instantaneously 


11, No. 7, 16 July, 1988; Part II, did., 11, No, 8, 26, ust, 1938; Part a SECTION 20 
bons 11, No. 11, 26, November, 1938; Part VI, dhid., 11, ‘No. 12, 16, 
Gasper ae ae fi ice Syameciesion System for Television, Be 
xa Gon By R. E. Marnes,! BS. 
Boe : : : ; 
is Me hina tes eT oe 1, General Considerations. The term facsimile has been applied to 
No. 3, 17, March: No. 4, 26, ape 4 7 r 
Guar, Howrok, and Ataratex: The Production and Utilization of Television ledeavors to convey the physical form, and even the light shadings of the 
SI See eee eres Ak Be isemimultancously transinitted, and it is thus necessary to do so bit by bit 


Ivns, H. E.; Television, Bell System Tech. Jour., 6, 551, October, 1927. tially. The manner of doing this is to divide effectively the 

Brg mnamission of Motion Fiotures over a Coaxial Cable, Jour. Soe. Me I into a large number of elemental areas and to transmit signals 

"E-3.2 The Road Ahead for Television, Jour. Soe. Mot. Pict. Eng., 32 18, Ja Awindieate the relative light shades of these areas. Such shades are then 

. E Wproduced more or less accurately at the receiver. 
Luscxs, H. R.: An Introduction to Television Production, Jour. Soc. Mot. Piet, Bs Br recorded in the same sequence, thus 


54, ‘July, 1939. Pe a 
Monats and Saeuey: Television Studio Design, RCA Rer., 2 No. 1, U4, July, 1987. s building up the record similar to the 
Proraman, A. W.: Television Studio Technic, Jour. Soc. Mot. Pict. Eny., $3, 20, ling of a brick wall. 


1939. 0 ey i e] 
Senet i: Pam How oon Hlenens in Teron MAM eh ee un depends 

ment, RCA, Rev., 8 No. 4, 418, April, 1939. 4 4 ts 
Sruteny, M, E.? Cosxial Cable System for Television Transmission, Bell Syatem “Meas in the picture. It makes no dif- 


Jour., 17, 438, July, 1938. te as to the size of the finished rec- 


Television Transmitters, Electronics, 12, No. 3, 26 March, 1939. ae " ‘ it _ 
Wirsox, J. C.: Trichromatie Reproduction in Television, Jour, Roy, Soc. A ord; the eee power is entirely 
Sal, July, 1984. ‘Matter of the number of elemental areas 
Zwourere, v. Kx The » Feonoxcope, ‘ Modern Version of the Electric Eye, Proc, Ih fnctorily transmitted. It takes just 
, January, i 


+ Television, Jour. Franklin Inat., 217, 1, January, 1934. wainany tiny areas to represent a face 
sree H. E.: The Gradation of Television Pictures, Proc. I.R.E., 28, 170, on a Postage stamp as it does to 
y tn face well i r a 
Rosenriar, A. H.: A System of Large-Sorcen Television Reception Based on Ct nce well in laxgae areas ons 
Electron Phenomena in Crystals, Proc. 1.R.2., 28, 203, May, 1940. i 
Goupmark and Dyen: Quality in Television Pictures, Proc. I.R.L., 28, 343, transmit sequentially and to rec- 
1940. ghese areas with necessary fidelity 

® highly accurate mechanisms, 
ns, communication 


} ifier circuits, and scanning 
San ices. Such means have 
el 


Batpwin, M. ‘The Subjective Sharpness of Simulated ‘Television Tages, 
1.R.B., 28, 458, October, 1940, 


Tie. 1.—Alexander Bain's origi- 


e subject of intensive develop- Stepan 


forts for many years. i 
Because of the close similarit; nents and equipment for both 
Tauhpite and radio faesi 


acu 


Onous vet 


TAT 
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distance at the end of each swing of the pendulum, and elemental 
scanning by the contact of the metal brushes. Caselli produg 
improved system in 1865, Korn another in 1902, Belin in 1920, 
American ‘Telephone and Telegraph Company opened a public seryi 
the United States in 1925, and the Radio Corporation of America it 
rated public service with London in 1926. An excellent bibliog 
coyering this growth i . 1, Callahan! 

3. Transmission. ‘The functions necessary to transmit a fag 
record are as follows: 


will be of infinitesimal width. ‘This cannot 
ore all scanners have an effective light 
istortion known as the aperture 


that of the finest 


ot of a width nearly as great 
rical response at b, 


shown at a and the resultant 


y great finite width — 
Path of scanning spot 08 a trepeaciael 2 f=] l 
i ch becomes trie b2}—V te op 
= Light spot focussed 4 ie 0 
V7, ‘Siebject matter omes £2 |.) [furcornentalcomponents 
mounted on drum Sio-aet to tt 
I SPeak value of waveshapes 
J Hand, a 1 spot, such B09 a 
Objective lens SSK” x Will produce a wave form d, wh § 08) S 
although still trapezoidal, ap- ° 57 | CU 
froaches 2 true rectangular or °6 ™ feist 
#square” wave shape as the spot § 06 + 1 
idth approaches zero. Bos u 
_ The narrow spot will permit the 80, 
interpretation of moredetail of the 2 04)— Ale Or 
Fig. 2.—Depicting necessary elements for scanning. subject but will result in an ¢ B03 tu. i 
trieal waye form which has perti- & 9,2 ab 29th harmonic-| 
1. A scanning system to explore the elemental areas of the subject ment and ne mponent ae 
identify their individual light shadings in terms of an electrical current, 0.1 = + rr 
2. A modulation cireuit to provide this fluctuating current in a form 0 ES a = 
able for transmission over the communication system available. hy PSSTINBENYD 
Light spat A mechanisin to provi Harmonic numbers 
r ie orderly S20 Otol) Olam 1G. 4.—Relative value of harmonic 
f eSubject matter by the seanning syste appr ‘ cnn Oheieoal yeoduuel by various 
ne Z An electrical driv ha ‘Dans width apertures: (a) for square wave 
Y)} rimi-the mechiniityaa istic, ase Cl shape from aperture of infinitesimal 
! 4 . predetermined rate, Mtic, width; (») for trapezoidal wave shape 
‘& ——»Motion of spot tolerances. #8 Which the amplitude of the from ‘aperture two-thirds width of 


‘ narrowest line; (c) for triangular 

. Scanning. Modern forthroe din wave shape from aperture width equal 
ods invariably use an elem Sieve fort) to narrowest line, Also note relative 
wren of intense light, to value of fundamental component for 
transmitted through of wid ouch, 


ionic components decreases 


Relative light 
onphotohube 


flected from the original st a rena a coke 
and picked up by to 1th is two-thirds that of the vertical line 
—Motion of spot The diaphragm. is Who 


Tra. 8.—Distorting effect of finite width placed at point X-X aft 
of the scanning light spot or aperture. (a) pickup lens rather than. 
and (b) spot width =“ Seiden width condenser lens. ‘The eff 
of narrowest line to be seanned. (c) and ight of the scanning syst iene 
(@) spot. width = one-fourth width of proportional to the prod Hose shapes were all taken as. 1,0. 0 
narrowest line to be scanned. he ioerinater p \ pI determination of the detail required depends upon the 
THE’ wcnisen ‘anid this’ eclld Maule sulstentlat be the chisctirs Ian {0 be macle of the record, However, commercial experience to date 

Sit tioaee ee shes tiiat, for an ultimate enlargement of the recording by not more 
su of the subject. Ii. (© | over the original, a texture of 100 to 120 seanning lines per 

1 Cautamay, J. L., A Narrative Bibliography of Radio Facsimile," Radio Fa Ayo, ple. - One system in extensive operation uses a texture of 200 
RCA Institut “al Press, 1! Bay yee. L. B. W. 


Alternating Current Rectification,” John Wiley & Sons, Tne., 


ork, 
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er, the interelectrode capacitance of the tube 
lines per inch and this, of courso, permits of still greater enlarg Fe ee ee eee ee i oeiterevan though tee 
the recording. If detail is set as equal in both dimensions, a eames 2¢r101% rthoorder of 1 to 2.5uuf. ‘Theeffect is that of alow 
width of vertical lines is indicated as about 0.008 in, It is pitanee 


hecessary merely to produce a sufficiently accurate representat Ho limit the higher frequency components and thus limit the possible 


1" , e fs h sed of the facsimile equipment. “ 
line of this width on the record. Practically, considerable innaggmmaenaTing SP°°4 Oe in a 1¢ to 1 megohm—to permit 
may be permitted because the minimum detail the average ¢ Tower phe equency response for higher speed operation makes it 
differentiate is that aren which subtends an angle at the eye of 6 Ne ee ee re Et neeey aul bet ure 
to 000070 radian approximately 2 minutes). Tt is found that a4 Heal te tanee-coupled amplifiers, "However, the variations in voltages, 
gular aperture 0.006 in, wide is practical compromise, which Serene contact potential are of the sane order of magnitude as the 
the, pertinent frequency eamponents as much as 38 permis Ne ee eh sl Enea aco aiperp Ren GUNMA Oae 
serving a ota record. 0 


Red-violet 
Violet 
Violet-blue 
Blue 
Blue-green 
Green 
Green-yellow 
Yellow 
Yellow-orange| 
Orange 
Orange-red 
Red 
Redviolet 


2 40 60 ~—-80 (100 
Response to white, per cent 
Fic. 5.—Showing spectral characteristic of standard caesium oxi 
rubidium phototubes. Curve of Weston cell with visual filter— 
comparison—is very close to the stimulus of various colors on the no! 


120 


Another phase of scanning is the spectral distribution of th By, 

ane ‘ 7 < i hia. 6, eats ifier circuits: (above) a-c amplifier for use 
cegeted drom the surlace of Ue subject, ax referred to the ditt aig 10!cl scanner amplify circuits: (above, a ample fr we 
of the phototube sensitivity, Figure 5 shows curves of such distil pper in the pt y ‘ 


It will be seen that the curve for the rubidium tube fairly closely , Put of potas « 

that of the eye, it is about equally panchromatic. sf eof thi 

tube will give a black and white recording in which the vari 

well as the tonal values, are given a weighting closely approximatin 

assigned by the eye and results in a more effective reproduction 

though the original was in color. ‘This is of importance for fats 

service because the system should be capable of handling any 

subject matter that may be submitted. Unfortunately, the sens 

of rubidium is low, and this type tube can be used only whero the 

excess of light available to the phototube. ‘Therefore the caesiul 

faced phototube is the type more generally used. i 
‘The scanning system usually ineludes the phototube and its in 

ately associated amplifiers. The light intensity available at the 

tube is very low—on the order of 0.001 to 0.005 lumen—and the 

output of this tube is likewise low. It ean be increased by ine 

the load resistance, and this has sometimes been made as high a$ 


ignal to be sent (¢.g., line 0.008 in. 
tone eyeles to form a sufficiently accurate envelope. 
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5. Modulation. ‘The signals produced by the scanner may : es 
iiied over ditisrent type OF eommunioaton S, rie 4 the modulator at the end of each line seanned. However, it is also 
numerous ways in which the signals may be applied as modulay dito choose the frequency such that the number of dots per inch of 
these systems. ‘Those of present commercial importance will be out manning tine equals one-half the number of seanning lines Bak Snobs 
briefly. awurei! perpendicularly to the direction of seanning, | Pigure 7 is a 

the functioning of this scheme, and Fig. 8 is the funda- 


showing. 
tal diagram of the CFVD converter. 


Guazestions for improvement over this system have heen elicited by 
jheatrenking in the recordings caused by inding and multipath variations 
Hiiment on long-distance radio circuits. One thought advanced is. to 

Ht the mark and space intervals on different radio frequencies, using 


1. Por Radio Cireuita: 
a. “ORVD" type of time modulation, 
b. Subea My 
e, Amp odulation on u-h-f 

2. For Landlines: 

a. Double side-band a.m. ; transi 


b, Single side-band a.m, tart of each new signal to trigger off the recorder, Another thought 
8. For Oceanic Cables: © He state eet pulses (hs to 2 millisec,) for the start of each 
a, Direct-ourrent transmission. er to utilize interspersed locally generated pulses at the 


For radio cirewits the CFVD (constant frequency variable dot) § to start the spacing intervals. 


has been extensively used si on long-distance short-wave ¢f 
and at centers such as New York, San Francisco, Buenos Aires, 1a 


Controlled by 
VV 


Frequency 
standard 


Subject Synchronized 
im screen 
frequency 


[Scanner 


implite| [Rec Pier 


Scanner 
carrier 


WOR =I 


H 


frequent} t 
4 Modulated tone jE 
Controlled by from sconner fs At ‘oe ied 


dey] Dotted lines indicate component 
frequency standaret parts of the CVD converter 


Fra. 7—Block diagram of CFVD system for radiotelegraphic transit 


Fro. 8.—Schomatie diagram of transinitting converter for CFVD. 
Recently some of the long-distance commercial circuits have adopted 


f of half tones» ; rier frequency modulation’ in lieu of the CFVD system. | ‘The input 
Berlin, Melbourne, ete. ‘The system comprises synthesizing tt the seatiner ig rectified and applied to a push-pull triode, which in 
values of the subject by means of dots sent at a constant frequeney hrm acts as a variable resistance in series with balanced trimmer con- 
100 cycles) but of varying length, ‘These are transmitted telegrap Monsers connected across the tank circuit of an i-f oscillator. The 
by means of full 100'per cent keying of the r-f carrier and are Nariation in resistance of the triode varies the effectiveness of the trimmer 
directly as dots. The recorded copy then has very much the app “Wondenser on the natural period of the tank cireuit, and thus provides 
of a screened half-tone picture in a newspaper. | To obtain the in accordance with the light variations of the scanned subject matter, 
is necessary to choose the screen frequeney such that P oncillator of fixed frequency is beat against the first one and 

the output as in the conventional 


n to t 


4 5 result is an audio output, which is fre- 
ity-modulated over a relatively large percentage of the audio mid- 
where f, = sereen frequency in eycles per second Mency, This output is applied to a radio telephonic transmitter as 


number of ete lines ed pond, s) 4 
number of complete lines seanned per secon’ inte principle of f.m. can, of course, be applied directly to the r-f carrier 


n = any odd integer. : ly to th oe 
Such limitation of the screen frequency may be avoided by pr Matt of through the medium of a sul or, butt this requires special- 
cam and contacts at the scanner to reverse the phase of the sere cues R. E., and J. N. Warraxue, Radi 


ton, RCA Rev, October, 1939, pp. 131-108, 
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. 5, ¥ lative i v taines 
‘ P ; 3 ce various mechanisms. The relative motion may be obtaine 
ized equipment, at both the radio transmitter and radio receiver, ble to ther the light spot or the subject, or both. ‘The latter is 
is not required in the above scheme. Furthermore, it does not ove ‘sual, in which the light spot is moved along one dimension 
any variations in the audio equipment or on the control lines 1s dog more et and the subject itself is inoved along its other dimensioi 
subcarrier method. Phase modulation can also be used if the Moe ee {0 shows the most popular scheme, in which the subject is 
propagation conditions permit. 4 Se sound a drum which re- 
For landlines the standard procedure is to transmit the ampli mh relatively rapidly in f 
modulated subcarrier tone, viz., the signal output of the scanner. ‘and phototube pickup 
sary amplifiers are used to provide the desired level, and his assembly is carried 
matches to the telephone lines which are used as the transmission ey nd eaused by a lead screw 
Most systems now couple to the lines directly through standard along parallel to the axis of 
2 vely slow rate. 
ion ie extensively A one by proper eat 
frequencies below te Il xially exact 
i bel msthat it will t xially e 
es because of the inherent poor phase characteristic of is cy obs nonanidgy isn for 


evolution of the drum. In 
wth {I 
td} 
Pel 


designs the optical and pickup — Fy¢, 10—Drum type of machine. 
Similar oscillators 


em is mounted in a fixed position, f 
d the drum is slowly advanced slong its 
Tank: trimmer condensers. 
Variable impeclance 3 


Both double and single side-band transmis 
In both eases care is taken not to utilize the 
1,000 ¢3 


axis as well as being 


i il : 
2S THindicates a different arrangement h the optical system 


i ca s i the 
ed of two, three, or four identical lens systems for projecting 
tit spot on to the subject matter and for picking up the reflected light, 
are mounted concentrically like spokes of a wheel and are revolved 
applied face down to a one-half, one- 
Feeding strop- 
(message face clown 
on %y cylinderk, 


Siit in yeylinder 5) 
for scanning oe 2 


tone from scanner 


Schematic diagram of transmitting converter for subcarri 
method. 


lines at the low frequencies, In the case of single side band it is 3 Trajectory oF 
the upper side band that is suppressed: ‘The frequency of the 79 Flight spots 
tone used varies in different systems from about 1,800 to 5,000 é¥l 
‘The exact value chosen is usually dependent upon the h-f 
of the line or channel to be used. It is made as high 
sistent therewith. 
For Oceanic Cable. A new method for the transmis i third, 
the transoceanie cables was put into service in 1 This i foneen 
only practical system which transmits the picture thee 
any intermediary modulation or ier. The phot 
built up by d-c amplifiers and appli ble in t 
6. Mechanisms. In order that the elemental 
tially, it essary that mechani 
scanning light. spot relative to the subject matter in such a manne 
the entire area to be transmitted is covered in a predetermined @ 


4 Optical systems 


Many different sequences have been proposed in the past, eg., seal 
alternate lines, diagonal and crisscross patterns, ete, pwevery 
simple uniform scanning across the width of the subject, with line-b} 
advance along the length of the subject is the easiest and the most re 
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Figure 12 illustrates a scheme of reciprocating motion in whiel F F ‘ : y time. Several designs 
optical system is swept across the inner face of a cylindrical sect We subject matter may be anywhere af any tite. re ee 
then swept back in the reverse direction. Again high precisi portable equipment have been produced for mounting smal, compara 
so that the alternate sweeps will line up exactly at each poin| ively light units in carrying cases. PUL Manersol tegrated 
has been overcome in some systems dounone mesording by a retain EE erie igs eben ie Ge-yariusly driven 

one direction of sweep, with th ctrical~ ms. bmn , 3 4 
being idle. this’ of count Mesollod d-e motors, 60-cyele synchronous motor low-speed phonic 
inefficient and can be considey Mpols, and, lately, by the Alnico type of toot hed wheel which operates 
for certain limited applicati Airootly at some 75 r.p.m. from eee id ll erected of 
where simplicity and cost are ‘od to operate at a speed such as: M bee 10 aera eaettsy Of 
inating factors. ‘ ip) eyeles. ‘These may be driven from ordinary vacuum-tube power 

The precision of the Tivfiers, Some use one large motor to drive both the ransaniting 
must be of high order in an fhexhanismn and a local monitor recorder, and others use two small motors, 
facsimile system, but for the drum and the other for the lead sere ni Be eee com 
requirement is practically de diling 2 d-c motor which has been used for years is the Hai 
upon the definition of which tian Taned fo 
cording system is capable. output 


Recording 
f gate 


tographic method is the bo trequenty 
this standpoint, and in this “| 
Contact instantaneous hunting, as 
cam successive lines, of more 
Start stops ‘Friction clutch deg. of drum rotation is a serio 
paw! Likewise, inaccuracies in th Molo. 
‘Motor screw, such as spacing val vee 
Fic, 12—One type of start- between successive lines of 01 
stop ‘recorder used for home &f@ quite noticeable in. the 
reception. pespa aly ag the variations: B 
a. periodic nature occurring ev : iv 
10 or so lines. Gear ripples, dynamie unbalance of the drum oF MMM 10 M4.—Schematio diagram of controlled thyratron inverter for driving 
minute eccentricities, voltage fluctuations, all must be carefully gl syashronohs manne, 


against. iflime, shoven in Fig, 13, and a scheme for driving a standard fra 
_ Often cam and contact devices are applied and lined up willlM horsepower synchronous ‘motor is a push-pull thyratron inverter 
interval on the drum between the trailing and leading edges of the ‘ich as shown in Fig. 14. 


Toothed whee! 


RECEPTION 
Vor purposes of reception there must be the following: 


1 A recording system which will translate the signals into visual markings. 
# A sensitive surface to receive such markings. 


# Amechanism to provide an orderly relative motion of the record surface. 

f Aevossary filters, amplifiers, rectifiers, ote, ae 

with Se! onizing means to maintain the mechanism in instantaneous phase 
the transmitter. 


8. Photographic Recorders. The system most used records photo- 


Sole : wet dotal 
Bioude ically on film. It has the advantages of giving the best see ane 
Fro, 13.—Schematic diagram of “Hammond brake’ speed control hy Of definition and also readily provides a negative from wh 
motors. Dlighog, P'Ocessing, such as newspaper reproduction, can best Peace, 
fen Gaia Mae ; ; Be Xt is us Jloy n thin base film that can be easily handled 
or “phasing line.” ‘These are used for special functions such as 8 FEE eee te eno oe eteauldl be ebosen tor, inearity. of 
synchronizing or level-control signal or for reversing polarity Fee ee en ee He ahopld develop zapily 
: Ee, system. They are usually carried on either the drum or Bid special fms have been made which can be developed, fixed, and drie 
shatt. = i. it i 
ae mye es 'Y 80 the pict an be used as soon after reception as possible. 
Many commercial or military applications require a portable Revo, Ste h 
j r or mi ; Recorder cae J Siam tutes argon, helium, or & 
mitter. Particularly is this true for news picture work where th! Mixtugr ers take many forms. Glow tubes of neon, arg 


Kite of gases are formed so the glow takes place in a erater, thus 


758 THE RADIO ENGINEERING HANDBOOK 20) FACSIMILE 759 


i i: i i i pi Dnrenstons or Recorvers ror FAacsiMine 
confining the glow and giving essentially a point source of light gape I.—Tyrican 2 ‘ 
intrinsic brilliance. In this tube the light intensity follows di Broapcast Recerrton 
the modulation of the signal, 


Other schemes use a local light source of fixed amplitude, su Beato Systeni # Syetom:0 
filament or arc lamps of various types. . The light is then passe — —| - 

a modulating device before it strikes the film. One method some ypo of seannin, Reciprocating, Rotating drum Reciprocating 
used in Europe is the Kerr cell coupled with Nieol prisms to pol Peeing lines 


light. 6 7 100 
439{q in. 834 in. 


100 125, 100 


Hibs tsof sos 
aaa 
4. Soanning ti 


6in, 


prsheoniaiig ‘ransmisei Connection to com- sction to com- 
Sein G Sevusatessboarier | mon power syste yon power ayavern 
tH arrier fre- 
Light reel, HPomecarvior 1) 9,000 eycles [8.000 evel | 8:200 cycles 
tame, : ? fied aperture, This is diagramed in Fig. 16, which also shows a linear 
2 Aoerture Bei aon fad afex which permits of varinble-density’ recording without eritical 
a2 aa Pinatments of the galvanometer ot signal level 
\ Sig ustments of the galv: eter or sigt el. 
eee AN, } Direct” Recording. Varios schemes have been worked out for 
5 is t f Wnethods of “direct” recording in which the record appears almos 
Fig. 15.—Schematie of optical system using the light valve, 4 neously ‘and need not be developed and fixed as with a photo- 
¢ filin 
Ales fot air has been used to discolor a presensitized paper, or to evaporate 
Co iting. 4 Opaque coating to permit the color of the paper base to show through. 
pa ig to ps r y h 
egy srt Mirlstronin was keyed or triggered by the signal. An alcohol ink hag 
cu n vaporized and blown on a glossy paper on the drum, It wag keyed 
Shorey A shutter ona signal relay. ‘This has been used considerably for 
mask 


Miohitoring CFVD transmissions. 


Loud speaker Carbon paper 
units actuating, _takeup ree! 


x recording barr ,-Recoreled 
ay Lj 
singed ie iain ik <2) Shree 
O imate — abitenanin SS 
recordir numba) 
Aoertaree shadow superposed 


Fig. 16.—Eloments of optical system with mirror galvanometer and | 
penumbra mask. 


in whieh. Spiral wire on 

Signal drum underneath 7 
‘held. a pes Catonpee 

i i 17.—Hlements of bar-and-spiral type recorder with carbon recording. 


1 stylus of small contact 


One group of commercial equipment now 
aring on a coated dry paper. ‘The signal current passes through 
Paper from the stylus to the drum, and the heat generated vaporizes 
outing, permitting the black paper base to show through. A 
ation which may be developed in the future is the use of a spark 
nval galvanometer or some mo ef Dt a stylus or point. “ Wak plea edie: or direct 
tion. In this case a small mirror is mounted on the signal-carryil Bing ci 2ction might accomplish the actual resorting. ‘ 
oF cll aetin the mnaguetis Gals. ‘Tho siana oauses fae eae "vig “neti? her important field of direct recording is that of electrochemical 


. Certai ill change color 
of the mirror and so changes the orientation of the reflected li ertain groups of molybdenum and other salts will chang: 
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when current passes, as will also the organie azo dyes. The pi 
sensitive and very tania, but difficulty is experienced in obtai 
stable reaction that will hold its color for a matter of years. Satisfy 
recordings are being made at a speed in excess of 1,500 ft. per 
linear spot travel. The definition at present is much less than 
hotographie recording but is ample for certain services such as me 
fending ‘and home recording. 

Much work has also been done to utilize carbon recordin nb 
process ordinary cheap carbon paper is laid with its face against 
white paper and the combination advanced slowly between a_ raj 
rotating drum carrying a raised spiral of wire and an axially pardlld 
‘The bar is driven by loud-speaker-type magnets to vary the p 
between it and the spiral, in accordance with the signal. The mech 
is indicated in Fig. 17. This method is best adapted to black and 
recording but can be used to record linearly half-tone pictures i 
amplifiers are carefully compensated for the non-linear pressured 
characteristic of the carbon paper. 

10. Recording Sheets. Some slight use is made of photogra 
recording of a positive directly on paper for delivery, but the majo 
the work is negative recording on film stock which is itself delive 
from which a delivery print is made. ‘The emulsion is chosen to m 
nearly as possible the spectral distribution of the recording lamp. 
this requirement it is also desirable that the emulsion have a good 
region, that the gamma be fairly high to require a lesser intensity. 
of the recording spot, and that it be relatively color blind, if possibl 
permit, working in the darkroom under safelights. For black and 
recording, as with the CFVD system, a highly contrasty and se 
film is desired and a commercial process film is used. For linear 
ing a less contrasty and more sensitive film is best, and special emt 
have been made available which lie approximately between an © 
chromatie and a panchromatic as regards color response. 

‘The paper used for carbon recording is a cheap grade that 
has a fine enough grain not to cause undue loss of the definition inh 
in the method. The paper for opaque coatings is a jet black of 

arse grain and of only nominal mechanical strength; whereas 
for impregnating baths must have proper absorption properties, 
mechanical strength. This is because most of these systems 
paper in a damp condition or else pass it through a liquid bath just 
to recording. im either event it must be tough enough to withs 
feeding said rolling stresses while wet. 

11. Recording Mechanisms. The recording system utilizes 
nisms of the same general type as for transmission, some of whieh 

already been indicated, ¢.g., in Figs. 10, 12, and 17. In this ¢ 
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7x9 
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Approx. 400 cycles 
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System D 
1,800 
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1 in 100,000 
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No 
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went at start of each pictu 


| 
2 
z 


8 X 10 in. 


prcaL Facstmine Systems Usep on Wire Lixes IN THE 
ep STaTES 
90 
96. 


Unr 


100—portable 
matic—from sy! 


1 in 1,000,000 or | 1 in 500,000 


160—fixed stations 


534 X 83g in. 
Network leased 


100 
200 


< 


ever, the mechanisms must be held to even closer tolerances that 
transmitters in order that deviations be not apparent in the 
Because of its greater inherent definition the photoset pr 


requires'the most precise mechanisms. Specific tolerances are 
IL 


in Tabl x 
In particular, the lead serew must be very accurate in ord 
irregular feed between adjacent lines not result in light or dark s 
the recording. Also the drum or equivalent must travel smoot 
without hunt within the stroke or from stroke to stroke. 
complete lack of gear ripple and a drive motor which has @ 


‘Tapun U—Orpnarixe Sraxpanps oF Ty! 


‘Type line syste 
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instantaneous rate of rotation. These may usually be minu 
reducing the mass and inertia of the drum system or by use of ff 
coupling and flywheel action to filter out these quick-speed va 

Many receiving machines are fitted with cams for the purpose of, 
quasi- or full-automatic synchronizing or phasing. This i 
necessary in home recorders or in a large network receiving a p 
simultaneously in several offices. Most of these utilize the 
between the end of one scanning line and the beginning of the n 
such a phasing signal. One variation is in the start-stop type of 
cating machine, in which the travel of the stylus is arrested at the 
each complete stroke le and is then released for the next 
receipt of the phasing signal. 

Many appliances have been developed, such as sheet fold 
cutters, recordings on both sides of the record sheet, autom 
loaders and discharge schemes, automatic hold circuits to permit 
if needed, ete. Some, notably in the international field, are 
with gear shifts to permit meeting various conditions and standam 
other countries, 

Machines have often been designed so they may readily be 
either transmitters or recorders. Others have been designed for me 
service in conjunction with transmitters. 

12. Receiving Circuits. Most of the facsimi ystems, either 
line or radio, record the signals in essentially the same general for 


3 Diversity 
receivers 


Fig. 18.—Block diagram of receiving system for subcarrier f-m moth 


they are ‘ived. 


f For these the received signal is amplified, 
and applied to the recorder either directly or through some 
vacuum-tube keyer. Invariably the ee y band is limited 


just necessary to pass the pertinent signal components. ‘This is 
accomplished by the use of filter networks; the process is carriod 
more or less high degree in the variously designed systems. . Its 

is primarily to increase the effective signal/noise ratio, but on lo! 
lines or extensive networks it also eliminates those lower frequency” 
components whose phase would be sufficiently distorted to have & 
terious effect on the recorded copy. 

Some few systems use special circuits at the recorder. One 
the carbon recorder method when used for half tones. _In order th 
recorded densities of the copy have a satisfactorily linear rela! 
the densities of the original subject, it is necessary t the amp 
characteristic of the amplifier be predistorted in a curve conjugs 
that of the recorder characteristic. Of course, this can, and is, of tem! 
at the transmitting end instead of at the receiver. 


763 
“gee 901 FACSIMILE 


s the subcarrier f-m method. ‘The heart of this 

special treatment accorded the signal at the recording 

i i 0 a usable value, say zero 

in this ease the signal is amplified to a usable value, say zer 

Peapeind then applied to a very rigid amplitude limiter (e9., one which 

“. ino change in output level for a variation of the input. on the order 

‘The output is then applied to a frequeney-discriminatiny 

ao ee ieg., cutoff slope of a low-pass filter). This reinserts ar 

Mhplitude variation which is proportional only to the variation of fro, 

Anplitnde vaveceived audiosubearrier. Thereafter the signal is handled 
gsan ordinary a.m. 


SYNCHRONIZING 


le ecording be properly built up to appear to be the 
eer the ey 1 itis neveaeary that the elemental areas be 
eorded in the same geometric relation with the ot hers as are the elemer ne 
fal areas scanned at the transmitter. ‘This demands that the sent - 
fing and recording mechanisms operate in practically perfect aynebronim 
phase (or frame) with each other. It is now customary to d wag % 
mechanisms by synchronous motors or by accurately speed-control : 
“demotors. The inherent accuracy of the frequency at transmitter and 
teeciver is usually depended upon for equal driving speeds, The phasing 
accomplished by manually or automatically causing the record er to 
Mart a scanning line simultaneously with the start of a scanning line 
ai the transmitter. This is done either at the start of a subject or 
Hiodically throughout the reception. . 
Bese eration he ar, ing ordaary yeh 
ous motors are often used. These are satisfactory if the t Rgnasalites 
recorder are connected to the same power network or to networks 
it aro interconnected or synchronized with each other. However, this 
WA considerable limitation, and the trend appears to be to transmit a 
fontrol frequency to the recording station and to use that to control or 
ve the motor. 
schemes for driving or controlling the speed of the motors on the 
Feorders are identical to those used on the transmitters, as mentioned 
Te Ar. 7." All of them require a source of standard frequency for con- 
ng circuits, ‘The great majority of present systems use 
endent tuning forks at the transmitter and recorders, or clse they 
wet directly to a-c power lines which are interlocked as to Jrequency; 
eral designs have in the past—and there are signs of rev AS al 
ctually transmitted a control tone derived from the fre- 
yy standard at the sending stati 
peed Controls. 
trol fre mn tuning-fork oscillators. The frequen 
500 cycles, i 
nis aaheete precautions to enclose the forks in heated and 
ed chambers, with the temperature variations held to 0.01°C. 
. The drive cireuits are carefully engineered to minimize or elimi- 
Singi¢tions in the drive due to supply voltage, tube emission load, or 
Phos Y@tiations. Recently it has been realized that changes in xe 
Pressure have a considerable effect on the frequency stability of forks. 
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Other systems utilize a fo 
therefore does not require 
made of a bimetallic layer st 
temperature coefficient: 


resultant for the fork n per d 
ptible to variations in: 


Methods. In start-stop systems the recording gy 
is chosen so the scanning-line cycle is traversed faster than at ¢ e 
mitter, and the motion is arrested at the end of each cycle. The 
mitter then sends a release or start signal at the commencement 9 
hew scanning-line cycle, which releases the drive at the recorder, 
the recorder is in step with the transmitter at the commencement of 
line. 

Tn other systems a phasing signal is sent at the start of each tran 
sion schedule, and this cooperates with a cam on the recorder to slow) 
or speed up the drive until the two machines are accurately p 
This cireuit is then disabled, and the relative equality of the for 


still others a special signal i: 

and thus starts it in phase with the transmitter, 
same procedure as is used in the start-stop s° 
but once rather than at the start of ¢ fine. 


PROPAGATION 


The communieation medium to be utilized has a great bearing 0 
design of the facsimile system. ‘There are essentially three mediums 
at present, viz., 

1. Radio. 

2. Submarine cable. 

3. Landline telephone circuits. 


Each has its special problems of propagation. 


16. Radio Circuits. ‘The radio circuit is affected by multipath t 
missions resulting in both general and selective fading, in fading @ 

by the ionosphere variations of short-time, diurnal, scnsonal, and 
Phenomena. "It is also affected by the signal/noise ratio that 6 

realized with the equipment available, as well as by interference 

natural and man-made sources, 

Amplitude modulation of the r-f carrier cannot, be received in & 

iently stable manner for use in facsimile transmission, and, until ted 
the only practical system was to utilize a complete telegraphic on: 
keying of the rf carrier, The intelligence is conveyed as a “time mo 
tion,’ so that the amplitude of the signal could be rigidly limited 
receiver, thus eliminating such variations caused by fading. HOW 
even with this limiting, serious distortion occurred in the form! 
variable and erratic elongation of the keyed signals due to del 
arrival over the various multipaths from the ionosphere. Althougll 
is in a sense a phase distortion, it is not of the same type experient 
landlines and cannot be compensated by phase equalizers, as know! 
that purpose. In this method of keying there is no way of minim 
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gee 101 
i io band by means of 
inte other than narrowing the audio ba a 
ate eee possible, consistent with maintaining a sufficiently 
ve shape of the signals for recording purposes. 
pegs of fam. greatly minimizes these diffeulties, So Tong. as the 
The WC nal amplitude is greater than the peak hojse, the noise has 
feetire nor effect. If the signal is two or more times t peak noise, the 
penefit of the “noi improvement threshold” ig realized and essen: 
i ears in the recording. The sa fe 
Hall Teirther: the only effect of the multipath, phenomena, occurs 
ao i r i e valu a 
31 en chan in the picture tonal 2 
learns in the recording of such edges—no effect of mul 


lilable 
wt by the constanc 
‘amplitude characteri 
. Submarine Cable. 
led submarine telegraph cables 


yenc’ ch higher than 100 cycles. For ansmi 
Praencies much higher aan ey ire amplised and applied directly 


40 the cable rather than as a modulation on & mibenrriet Ei 
ther systems, ‘Therefore the signals are subject to earth eurrents pro 
y ic variations and are greatly affecte agit 
Fee east rari applied to ofiset the "2 vo wander this 
fan bo done successfully for slow variations but becomes more difficult 
When the rate of these’ variations approaches the pertineyt fe quonies 
Of the facsimile signals, as may happen. | Earth currents of 9 or 10 volts 
Varying at a rate of 10 cycles, or currents of 50 volts varying at a much 
Fer tate, can be compensated. ‘The transatlantic cal eis comprised 
Of two sections, each of which has an attenuation droop of 30 CSO 
ees quan ea ie is also essential carefully to correct a 
i Ins ” networks. is Is 6 P eo re : 
ideal ‘Phase distortion existing on the cable Operations are 
sucvedsfully when the total noise 2 ui earth eurrentsare 9 pero 
il swi to white. oe 
signal swing from black towhite, ing 
ire-li hone Circuits. _ Extensive izing wire 
Te ane ation m the United Staves and throughout, Huropo, as 
s in other parts of the world. These all u: eee a phone 
fia nels and systems and rely on Sansaene Gre ae ie a 
le modulated by the picture signals. and i ) 
oe one ’ Tnethe latter the upper side band is eapreseed ae 
or set near the top of the telephone channel, (say 2,400 cycles) and 
Me lower side band, extending down to approxims 3 


smitted. nt to equalize 


Tt is exsential 
‘or the pertinent frequency ban 
iations will delay certain fre- 
ee jorts of weird effect 
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mark) to besent. The cut of the eam is such that a contact operated 
‘The over-all gain must also be held within extremely close limit Oo will send out telegraphic type mark and space signals, which, 
variation of 0.1 db can be perceived by the eye and variations W Nrded as above described, will form the shape of the desired 
than 1 db cannot be tolerated in high-class commercial service, Two designs of this instrument have been developed. In 
Some systems are equipped with networks comprised of special ¢ ge is perforated in paper tape as though it were to be sent 
which have been camtuly equalized and adjusted and are rd printing telegraph cireuit. The permutations of the 
for facsimile work. These may be extended by using ordinary tel in this consecutively select and release the proper cams, as 
lines to interconnect them with other locations, usually on an ema Ertan is trument. In the other type a typewriter 
basis, for a sudden news event. Other systems utilize ordinary tele keyboard is 11 ing of a type key will release 
toll facilities and take their chances on the quality and stability Mheproper ¢ vely in Europe, and 
circuit. Some connect their equipment directly to the lines United 
repeat coils, and others connect by inductance coils coupled to the ri jes in this country. . F 
box and coil of the ordinary telephone subscriber's station. The synchronizing problem is just as pertinent as in the other systems 
these networks are set up primarily for the handling of news pictu it is possibly slightly easier. ‘This is because the scanning line is so 
are therefore designed for the utmost of flexibility so as to me ‘and the rate so high that the discontinuity between the end of one 
emergency of news occurrences, ‘and the commencement of the. next readily provides a frequency 


famponent that may be used for automatic framing and synehronizing. 
TAPE-FACSIMILE SYSTEM 


Tape equipment is designed solely for message communicati OPERATING STANDARDS 
opposed to picture or news matter. “It produces a record on a 0 To date the only effective attempt toward standardization in the 
tape, much as do the better known telegraph printers. The meth Thesimile ficld has been in the adoption of International Standards under 
cording used to date is that of a rapidly rotating spiral and am the aegis of the C.C.LT. and the C.C.I.R. ‘The former, in its Opinion 
bar moved by a loud-speaker magnet in accordance with the 1, as amended at Warsaw in 1936, established mer for drum size, line 
This is exactly similac to the action shown in Fig. 17. The r tance, speed of operation, frequencies for synchronizing and carrier, 
‘iting up of circuits on the international telephcne circuits, tariffs, 
Winds and rebates, ete. ‘The C.C.LR. is endeavoring to modify or 
ly these rules to the needs of the radiophoto service, 
Atypical proposal to the C.C.1.R. which covers the technical specifica- 
is cited herewith to indicate the trend: 


1. Drum diameter—88.00 mm (3.464 in.) 
2. Drum cireumference—276.46 mm (10.88 in.). 

8. Gripping (framing) loss—15.00 mm (0.59 in.). 

4. Phasing loss—5.00 mm (0.196 in.). 

; Maximum skew or hunt—0.08°. 

. Drum length—310.00 mm (12.2 in.). . 
aximum—250 X 290 mm (9.8 X 114 in.). 


mn. 
nm (101.6, 127 L.P.1.) 
x of cooperation=352, 440. 


. om " . Speed pil D. or cent. 
has been done either with a carbon paper tape, also similar to Fig. 12, Soro fey oo. 108" 180, 200 cycle 


by applying ink to the surface of the spiral through the medium of 18. Standard frequency—300 cycles, or multiples, 

roller saturated with the ink. ‘The scanning lines are cro International Index of Cooperation is defined by the formula 
tape and are made at a rate of about 60 per second. The tape is sl 

advanced lengthwise 60 the texture of the lines are about 60 to 100 uw = 3 =e 

inch, ‘ 7 } 

Two distinet methods of transmission have been developed. Til Where p 

United States much work has been done to develop a phototube s P 
along the general principles outlined in Art. 4. ‘This method acti P 
transmits a facsimile copy of written or printed messages placed on & 

at the scanner. It is being developed f 

and aircraft. 
The second method utilizes a special instrument which comp 
large number of cams, one for each character (figure, letter, or pune 


Fro. 19.—Elements of facsimile tape recorder with double spiral. 


= diameter of the drum _ : 

= pace of the scanning line or helix } : 

Rncness of seanning-expressed in the number of lines per unit 
TV ty, length of the drum axis. J Z 

ior mobile services, such as P mg’ touchines have different dimensions but the same index, the picture 
Fre, Petsecon them will be enlarged or reduced but will not be distorted in its 


tions. 
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APPLICATIONS OF FACSIMILE 
Radio Circuits: 


Short Wave—at relatively low speeds of 20 to 60 r.p.m. for lon, 
transmission. 

UH ithe a speeds of 240 to bs r.p.m. for point to point work. 
noMedium Wave—at mediuin speeds 75 to 120 r.p.m. for broad SECTION 21 

Marine Servico—broadeast of weather maps, ete, to ships at 20 r.p, 
ire 

Point to Point—for news dissemination or public seryice, 90 to 120 r, RADIO BROADCASTING 
for message pickup and delivery (customers’ machines or “lot : : 
machines) at 180 r.p.m.; for message service on trunk lines at 180 r.p.m, By Cart G. Drerscn, B. Sc. 

Submarine Cable at 20 r.p.m. ; : a 5 Ree : 

jotoengraving—used for preparation of printing plates, either inci ents of a Broadcasting System. e equil 

white or four-color separation plates for color printing. Sees mares system extending from the microphone to the 

Fe ReneS ee ap anatina: mane andl Gog fisting antenna of the radio transmitting station will be considered 
_ Tape Facsimile or “Hellschreiber”—used extensively throughout peeing ant ‘A general circuit layout of typical facilities of 
tinental Europe for news dissemination to agencies, by radio on 60 to ‘ws part of the system. A ger a (peel SH can or erp 
also proposed for aircraft and police-car use. the kind used in the larger broadcasting centers plying ed 

of stations with program service is represented by the sim 

References Fig. 1. Equipment of a single studio is represented; that of 

AUtioueh» ast amount of ork hes been done in tacaiail, 1 a fortunate dla Giher stadiog of the naual group would be similar and would be at the 
coi 


lations have ithered the various ref togethe that the few 
ven below will permit the render to follow in detail the developments of Point marked on the program bus, Inasmuch as many programs, such 


the radio field and will give him a working knowledge of the wire-line services. 48 the broadcasting of special events, originate at remote Rens in 
Cautanan, J. L.: A Narrative Bibliography of Radio Facsimile, in “Radio cases a great distance from the studio, the layout of the facilities 
RCA Institutes Technical Press, 1088. ANY remote pickups, sometimes termed “nemo” programs, has been 
Jourgy, 1. BW. “Alternating Current Reotifoation” John Wiley & Song; Im included to illustrate the use of telephone lines as well as point-to-point 
Marues, R. B., and J, N. Wurraxen: Radio Facsimile by Subcarrier Frequency: delophone communication to complete the circuits necessary. 
tion, RCA Rev,, October, 1939, pp. 131-153. Alist of the essential elements of the system is as follows: 
Radio Facsimile," RCA Tnstitutes Technical Press, 1938. (A group of papers 


i Various aapects of the art.) i ‘ 
Scnnosrer, Furrz: "Handbuch der Bildtclegraphie und des Fernsehens,” Verlag: * 4 igopho ee 


Wusow he Television " Sir Isaac Pitman & Sons, Ltd., London, b. Remote pickups. . A 
‘ ae Apparatus for controlling and conveying microphone output: 
©. Studio control booth: 
(1) Preliminary amplifier. 
(2) Microphone mixers. 
(3) Studio amplifier. 
(4) Volume control or faders. 
(5) Volume indicator. 
(6) Monitoring speaker. 
4. Remote pickups: 
(1) Preliminary amplifier. 
(2) Volume controls or faders. 
(3) Volume indicator. 

) Monitoring equipment. y ie 
% wr...) Radio “elephone or wire-line facilities for intereommunication, 
Master control-room apparatus: 

@. Volume controls. 

». Studio amplifiers. 
& Relays and switching apparatus. 
Network channel amplifiers. 
¢ Volume indicator. 
lonitoring facilities. : 
‘lephone-line facilities to local radio transmitting stations and to dis- 
“tpi! radio transmitters connected to networks. 


tering Department, National Broadcasting Company. 
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5. Radio transmitter: 
a. Line amplifier or limiting amplifier. 
b. Volume controls. 
¢. Volume indicator. 
d. Radio transmitter. 
e. Monitoring equipment: 
Monitoring rectifier and speaker, 
2) Modulation-percentage indicator. 
(3) Carrier-frequency monitor. 
f. Antenna. 


2 Audio-frequency Range. Perfect reproduction of a sound 
mitted through an electroacoustic system requires that the 

uss all the audible frequencies of the sound in their relative int 
ee these conditions of reproduction, the listener would be con) 
acoustically from his loud-speaker to a point near the sound sou 

A correlated acoustic chart of the frequency range of various 

instruments within the orchestral range and the diffe 
constitute the vocal range is shown in Fig. 
included on a standard piano keyboard. 
shown on the chart is fr 


Tocal Radio 
‘Transmitting Station 

©) - Line Equalizer 

LD etephone Receivers 


+GB- Repeat Coil 


Fie:1.—Schematie diagram of typical broadcast transmitting system, 


EE volume Control or Fader 


@ Voleme Indicator 


Joiel.Co. 
Weiwark Repeaters 


parent from these curves that, wl 

ited frequeney range, such as that 

que, an acceptable reproduction of 
red within a band width of between 


ineering and economic limitations of the frequency rany 
for broadcasting lie in restrictions of the use of the upper audio: 
quencies due largely to a limited band width ef the modulation g] 
contained between the presently assigned carrier frequencies of 
separation.® 


An overlapping of the modul 


syMeoLs 


(Ey Announce Microphone —  —[>- Line or Micraphone Amplifier 


EI Aronitoring Loud Speaker 


2 (EE Program Atierophone: 


‘ion frequencies of a “wanted” 


2 2? 
by those of an “unwanted” station of 10,000-eyele separation is ba 4 
the range of frequencies to a broadcast listener usually consid 5 see 
below that which is passed by the broadcasting system itself. The $ ge8 
quality of programs available from broadcasting facilities which iS a 
an over-all uniform frequency response from the microphone td 


1 Snow, W. B., Jour. istical Soc. Amer.. July. 1931, p. 61. 
aEoxzisniy, b. P,, Minimum Frequeney Separation, Pror. 7.R.E., Fobruarys 
ps 195, 
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REQUENCY IN CYCLES PER SECOND 
ACOUSTIC CHART po 950 Oyo S00 600 £000 1000016000 
ate 
Ff 
! A 
esd eeeel hll M dase 
PERCUSSION INSTRUMENT 
ETL ons ] I 
STRING INSTRUMENTS 
Vio 
cm 
tes nn - 
Tinto fate oMaALS PLE 
HUMAN VOICE 
Sopa 
rey | 
Tee 
Baahove 
ch Peo T 
4 a) E 
Ree aie 
RINE tL 
Ebpeto SaxcbnONE - 
Ie - 
== t 
100 0 3001000 5000 10000 "16000 
FREQUENCY IN CYCLES PER SECOND 
Mio, 8.—requeney range required for th duction of musical instru- 
. 8.—F sy range required for the reproduction of n 
onus, voice, and noise without noticeable distortion. 
Tame T—Paak Powe or Musicat Insmnvacens 
(Fortissimo Playing) Deak eves, 
Instrument te 
70 
s HS E Bea leavy orchestra. . aeaes 33 
Pes Large bass drum’ 

i FF ia Eine organ... i 
pe ea omacaqennsiagens, uy aa eecanall are drum... ae 
Perse een Prec iees coe cocere Dieer tree eerreet fi Cymbals 0 

: SoS enageesuasy Trombone {a 

Frc. 2.—Correlated acoustic chart showing the scientific or philoso} rane. 0.3 
A x cI Trumpet ig 

scale generally used by physicists, the international equally tempor ie sarcghbns O38 

sed on A= 430 completo vibrations per second. ‘This scalo was forty Bass tub oi 

used by musicians, ‘the current orehestta or symphony seale bal Bass viol 0:08 
40 complete vibrations per second is at present generally Rivelo. 0:06 

; Clarineé, : 0.05 
French horn... ois 
langle... ..) ee 
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i to 9,000 cycles and above cannot therefore 
| ec ml Fy area listener because of limitations in the 

if t rf be appr oadcasting-receiver frequ response and restrictions, in 
fsent sound broadeasting band width which ean be received: free 
eross talk and “monkey chatter. ea en ee 
Range. Table I (page 773) gives the peak power < 

Il a rere playing triple forte. A violin playing very softly 


£ i syed of a full orchestra has a 
3 l Baas Arner ceg aaa ok hesonnd ation io 
S39 T = ease is about 43 db, Owing to limitations in broadeasting circuits, 
: h Ground noise, and the modulation capabilities of the transmitter, 
a yolume range must be in most cases compressed within the limits 
19) can be handled by the wire Hines and their associated equipment, ag 
0 ‘as the transmitter where serious wep Meeeeneeueie Cj 
4 7 es rt time dur exec 
150 "007005001000 2000 5000 Been pecs, cxcepk thes OF axtremnaly she 
Cut-OFF Frequency, cycles per sec. modulation capabilities of the tra . 
Fic. 4.—Quality of orchestra music as a function of cutoff f STANDARD REFERENCE aca Re aicrax 
: EC ‘cal si sity or lev 
Syoles pei m and Decibels. ‘The electrical signal intensity o1 A 
Noww [Feeond | ni Benet Biri pasine irougt each partioniey alreatt of the broadeasting 
Cho, |38,488 ~| Beyond limit of audibility Tor ‘average person, ‘stem, including the studio equipment, wire-line fac % 
oy 16,744 q 
|15;000 Considered deat upper limit for perfect transmis Use with curve A ond B a nee a Lomillinatt 
shoech and ti 2 - 
Considered as upper limit for high-quality tea rere a 1 0 o%volts 
of speech and music. 200 ~ 7 
Considered as sutisfactory upper limit for high-qu 
transmission of speech and music. 
Cy 34 in. | Highest note on fifteenth stop. 
e Highest note of pianoforte. 
Ey | Approximate resonant frequeney of ear cavity. 
Considered as satisfactory ‘upper li for transt 
| of speech for ordinary commu 
fer) 2,003 
2 Maximum sensitivity of hi mn ear. 
x | Mean speech frequency from articulation stand 
“ 
z. Representative frequency of telephone currents. 
Ra 
a | Orchestral tuning (see note below). 
3 
Considered as satisfactory lower limit for a 
Ss transmission of speech. 
2 | 
Considered as iliafactory lower limit of his 
fe ech sind music. ; - 
vs : eee eats: & a: % re wowarts 
: Lowest note of eello. with curve C ond 7 2 
Bo Fasc. i ibels and watts or per cent volts. Zero level = 
Ce Lowest note of aver church organ. Relation between decibels an ts 
Gonsidered ial fower limit for Detect transmis 1 milliwatt across 600 ohms. a 
speech and music. + j The 
4 Lowest note of pianoforte, hw fisting, station, must, at all eM Me ke will 
c Lowest audible sound. Longest pipe of largest : fin with a ee ead Heo part of the system can promi 
= SET , Pe With, h ode fess i interference 
His eens ial S43. #5 a By ietae sian the ierferonce produced br artes talc Sn 
Intervals betwee: en 94 16 1875 92 106 § ise, such as the interferen or eas 9 
Norn: Nearest note i indiveten, “Sesie' A’ 4% egelte $2? ended Cond al rectifier ripple, ete., inherent in equipment as well ve aocioiart 
Ci (symphony pitch) = 261.6 cycles per second. lin, A convenient and consistently accurate method o} mee ie 
Fic. 5.—Frequencies to be transmitted on a high-quality system.  *uplitude of the signals is required, as well as a reference level.com~ 
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vhi ibrati the sound waves must 

i ; is ref h clement which responds to vibration from . s 

oa epee is based the emobtade ohite ae 7 diate some of the Cherey exciting is ss) ips ener ae Lane 
throughout the system. It also serves as a reference level from Hie 24 oficiency must, therefore, absorb » eonsiderable propord 

the amplitude of interference or noise may be measured. Aisffe sound energy reaching it and convert i By. 


i ‘ i i i i production, therefore, is dependent upon the physical size 
For broadcasting technique together with the interconnecti = Tra injerophone, ‘These features enter into the distortion of 


lines between studios and broadcasting stations there has been @ sl tel 5 
lished a standard energy reference jevelot Lunws Ror the standard is sound oe) as well as she chars sees ce pits elastase) He 
impedance or pure resistance of 600 ohms at the terminals of a fanvert the sound into electric energy with a minimum of wave distortion; 
of apparatus in the system the zero reference level in VU would corre Inasmuch as the quality of reproduction of spe 8iC 


to +/0.6 r-m-s volts of 1,000-cycle sine-wave electrical energy ag ‘at upon the acoustic properties of the room" ontaining the sound 


; ‘and the placement of the microphone with respect to them, 
Mai aed tctepat Sein orca ace wee restore Heures and reife while using even the best instruments require a 


Since program. signals have wave shapes that are very complex mp BUMMCIOTY ile tr ite of microphone placement. 
because peaks of these complex waves are liable to cause overlom Rowled: ‘ 
there was developed and standardized a new standard volume indi 
for the purpose of measuring program levels at all parts of a brondod 
system so that the correct signal level can be maintained without 4 
tionable overloading. ‘This instrument (see Volume Indicator 

alibrated to read VU on a logarithmic scale, It has electrical cha 
ies SOreninAeely equivalent to those of an r-m-s instrument, 
nals having sinusoidal wave shape, the VU readings on this stam 
instrument should follow the decibel-voltage curve shown in Pi 
However, since the instrument is designed and_used for measure 
complex program waves 

indicated by this stand: 


Simultaneous with the establishment of the new reference lov 
mw the 0 db level of 12.5 mw was abandoned and the value for st 
apparatus and telephone-line termination impedances for broad 
was changed from the previous value of 500 ohms to the present st 
600 ohms. 
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5. Microphone Requirements. By means of the microph 
acoustic energy of sound waves produced for broadcasting purpo Tio, 7—Directional characteristics of RCA velocity microphone. 
fo thatot the ae orien sigaion a are nye oe none 6. The Velocity Microphone. ‘This instrument gets its name from 
‘0 that of the other. The principal requirements of a microphone Wi elocity Microphone. n i 
will produce high-quality conversion are as follows: a relatively fhe movement of a metallic ribbon under the motion of air particles 
sensitivity with respect to its inherent noise level, a uniform Pinging upon it, thus setting up by electromagnetic induction an em-f. 
response over the frequency range desired, a substantially um ponding to the amplitude variations of an incident sound wav t 
frequency response over the angles included by its directivity chat hie’ commercial form of the RCA type 44BX? consists of a thin metallic 


istic, and mechanical and electrical rugaédness, Mn suspended between the poles of powerful permanent magnets 

With some reservation, one may say that ali forms of acoustooldl fut the ribbon length perpendicular to, and its width in the plane of, te 

Sanl'wavees Tn be sieeve tne acto dea a Pe dierenos of pocenre Se ee eR ented aan 
aves, To be effective, the active element of a microphor ; ; on its two sides, This pre : 

either partake of, or otherwise influence, the motion of the a on the front and back of the ribbon is the same as that produced in a 


or it must respond in some way to the pressure variations on its suf id field between two points in space separated by this distance. 


Some portion of the instrument such as the outside case, regal 
rigid obstacle, must reflect some of the incident wave energy, wh 


1 Cm, H, A., D, 1G Gannerr, and R, M. Monms, A New Standard Volumé! 
gator and Referetice Level, Proc. I.2.B., January, 1940. 
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The “pressure difference between the front and back of the rib] 
proportional to frequeney, Since the acoustic impedance of the sy 
is also proportional to frequeney and the velocity in a mechanical sy 


the diaphragm vibrates in response to the sound waves impinging 
ee the coil vibrates in a like manner and cuts the magneti 


lyon ts surface, 


is the ratio of the pressure to the acoustic impedance, the velocity @ ~80° 1 Tyeealbel = vollner bar (open ehreal volloge] Pagle oF inciclence| 
ribbon is indopendent of frequency. y -95| | lecrose output impeclance of 2oohims) 1}. 
With a ribbon constructed to have a natural period below the Ht a 
range, the frequency response is free from severe irregularities promi TT 
in some pressute-operated types because of cavity and diaphragm ere BEI Nd 
hance. and from pressure-doubling effects produced at the highth Wh [az 
quencies. The ribbon is made light enough so that its motioy 5-100} _— T T 
conform with the motion of air particles even at very high freque #105 Li) 
with a result that the response of the velocity microphone is uniform B60 
a wide range of frequencies, g | ] 
The velocity-type microphone is markedly directional. With ag #85 ror 
progressive wave the response in front and back of the instrument 9 t 
with the cosine of the angle between the direction of the sound wa 4 wa | |  \20 
the normal to the ribbon. Since these directional properties arg -95 oF; 4 HTS 
tically independent of frequency, they become useful in diserimify PY Sy] 
against undesired sounds and for obtaining a desired relation betwe 100 & & | fe ss 
sounds from different sources and from reverberant sound in ~105 — 1 a 
“4 30 300 1000 5000 (9000 20000 
rd Tie Frequency, cycles per second 
e | Ho, 9.—Vield calibration of dynamic microphone showing effect of angle of 


incidence of the sound wave, 


COT 
0 304050 


1a 700 ~ 500-1060 7000 — $000 10000 lines of force, ‘The e.m.f. generated in the coil is substantially proportional 
Frequeney,cycles per nec Mthe sound vibrations which cause the diaphragm movement. 

Va, 8.—Velocity-microphone characteristics, ‘he spherical shape of the microphone housing and its size are such that the 
Housing fits closely over the diaphragm and thus produces very little mor 
Its response! to reverberant or reflected sound is one-third that | mere effect than the diaphragm Pressure ribbon 
non-direetive system, with the r n be used at a distance! Hall. To prevent resonance within . 

a sound souree of 1.7 times the distance of a non-directive type an ‘ae en ense i pus c ioe 

give the same results with respect to undesired reverberant sound: = is: provided to-dividerthe 


ry 5 A 7 . ii 0 pi y, e 
Because of the directional properties of the instrument, its sens Bille asthe hack of the, Housing 


at a maximum in directions in front and back perpendicular (@ #8 the double purpose of equaliz~ 
plane of the ribbon. With an input sound pressure of 1 dyne per. the inside and atmospheric pres- 
centimeter the unit will normally deliver open circuit across the 2 and of increasing the response 
tap amoutput level of —74.db compared to a zero level of 1 volts {he instrument at low frequenci 

7. Moving-coil or Dynamic Microphone. ‘This type of inst mit nicrophone was designed 
(such as the Western Electric 630A) utilizes a light mo fal gi2tniiorm frequency response | 
tained in a magnetic field to produce an e.n.t, which conforms Hi Bettirclionai  wnivophones For ~Acoustie-— 
sound waves impingitig upon the dome-sh BBE teacon tho small eohorieel shape resistance. 


i Selected vel @ 
The assembly is composed of a coil of Ming the diaphragm in a bos 
i 


wound and attached rigidly to. a duralun aphragm of low mech tal pian 
stiffness which supports the coil in a radial magnetic field of a pel Ovi eae 

magnet made from high-grade magnet steel. The diaphragm has # 

dome-shaped center and a tangentially corrugated annulu 

area/stiffness ratio. The diaphragm is cemented to a raised annulus @ 

outer ite piece. The outer and inner pole pieces are of soft i mi write . * A 
welded directly ‘to the magnet. The diaphragm is damped hy an 0g! Fra. 10,—Unidirectional ribbon micro- 
yesistance which is supported below the coil by a brass ring, which iit! Boo ‘, phone elements. 

is held in place by rubber gaskets, 


1Ouson, H. P., Jour, Soc. Mot. Pict, Engrs. 
Amer., 3, 36, 193 


16, 695, 1931; Jour. Aco 
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frequencies by the angle of incidence from which the sound waves aj niform frequency response in all directions for the pressure-operated 
the diaphragm. ‘Since the diaphragm is mounted horizontal, the inst gihotsscion is approached. by allowing the operating face to be frealy 
is entirely non-directional with respect to the vertical axis. gitegpie 0 the atmosphere while the other side is terminated in an acoustic 
In spite of tho small physical size necessary to provide the non-diree seqjunce very nearly equivalent to that of a very long pipe. | Since a long 
charamaristios, the senaltivity is about —88 ab where 0 db is equivalaa initio cumbersome for practical purposes, s short, pipe of correct cross 
volt per bar! (open-circuit) voltage across the microphone output im| Hiign, provided in coiled form, and loaded throughout its length wit 
of approximately 20 ohms. ping material, such as tufts of felt, exhibits a suitable acoustic resistance 
The non-directional characteristics of this microphone make # useful avr frequency range covering all but the lowest frequencies, j 
pickup for large orchestras and choruses where in most cases the sound Tho operating properties of the velocity-actuated ribbon section are quite 
at the microphone from all directions, Unless the microphone respot “ju ane, as were described previously for the bidirectional velocity micro- 
uniform in all directions, there is a form of distortion due to disevimin Boe. The ribbon is driven from its 
against certain frequencies with directivity. Pauilibriu Position by a dlfterene of Aa 
ture between the two sides; the pres- iinad 
8. The Unidirectional Ribbon Microphone. In certain forms of g Medifference being dua to the difference — Aecreen 
technique it is desirable to eliminate the pickup of unwanted sound i jt phase between the two sides, | ‘The Y 
rear of the microphone, such as audience noise, room echo, etc. Hi Vibration of the ribbon caused by the 
wound waves impinging upon it causes an 
induced e.m.f. to be generated in the rib- 
ton, ‘The directional characteristics of 
the bbon section are practi ally inde- 
mt of frequency. 
Mthe RCA 77-B unidivee onal, micro 
ie has an open-circuit output level of 
Berd ntcly bi ab besod on Ievolt 
wor0 reference level for a sound pressure y 
of 1 bar at 250 ohms output impedance japhi 
alte, Weston Hloctrio 039-AA cu Magne AN e9e2, 
tional microphone! utilizes a oh SNS 
Alamont of special design in combination ail” it 
ih a compact pressure type non-direc- 
tional cloment to secure a field response 7 
Paving a directional characteristic similar Acoustic’ 
a cardioid. 
W pressure element is of the dynamic 
having a dome-shaped diaphragm 
constructed in some respects similar 
the Western Electric 630A microphone 
Previously described. Commercial in- 
iments of this general type have — Fig, 12.—Simplified  cross-sec- 
Ffitehes which enable the directional tional’ view of the cardiod direc- 
laracteristics to be changed at, will. STN aierophones 


Fig, 11.—RCA 77B unidirectional microphone characteristics. 


9. Crystal Microphone. ‘This microphone utilizes the Dierseleos 
unidirectional microphone is very useful, The unidirectional instr Bee on produced in plates out from piosoaotive crystals, he 
utilizes a light corrugated ribbon suspended in a magnetic field in iroen poms ane beat naps #4 ere usados one Morte 
what the same manner as the bidirectional velocity microphone, his of crystal microphones. comparion to other crystaline 
that the ribbon is divided into two individual sections. one of whi me itive, materials, such ie quartz, bre ae oe iia Gredtee 
pressure operated and the other velocity operated. Bees °0 thie purpose 6d 6 roaponyaigii xceony 


The field response of the pressure-operated section is very nearly 1 Crystal ini individual 8 
‘i ae : ‘ microphones may be classified under two individual groups: (1) 
in all directions and may be expressed as B = Ho, whereas the respon those Utilizing ‘multiple sound cells in free space and (2) those utilizing 
yelocity section is bidirectional and is equivalent to B = Eo cos 0. 

the sensitivity of the non-directional pressure section is made to eq) 
greatest sensitivity of the bidirectional or velocity section, the combined 


ph crystal elements each excited mechanically by an associated 
TaEht aca. In the first of these types utilizing the Brush Development Com- 
Brie ae ade rarerrwurmng aber ed pare eg ananrT ion, S88erably, termed the aound cell, the elements are plates having dimen- 


: ; is ee by 2% by 0.30 in, cut from Rochelle-salt crystals along axes in such a 
In three-dimensional space this is very nearly equivalent to a cardioid of PBinnor 1.5 P%. My TE 7 ngati con- 
lution. The point of maximum sensitivity is directly to the front of Her that their inherent characteristics tend to cause elongation or 


i ile di aan on Ww re subj ic field provided by foil electrodes. 
instrument, while directly to the rear of it the sensitivity approaches 5: when they are subject to an electric field provided by foi 
1A bar is 1 dyne per square centimeter. NSHALL, R, N., A Cardioid Microphone, Bell Lab, Ree., July 1939. 
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By cementing together two such piezoactive chi 
to act in opposition to each other when a voltae io aie 
produced with a motion analogous to the machaniegl mete 
a bimetallic thermostatic strip neted upon by variation at rae 
The assembly consists of two plate combinatios a 
by an air space and held in position t 
The cell is covered over with a me 
and to protect the crystals from the 
placed in a sound field, pressure ae 
plates tends to an emf. is 
between the fo two plate combinations ate conn 
allel. is e.m.f. conforms with that of sound 
ons of the plates the freq 
igh with the res 
a wide frequency r 
@ up to 15,000 cyden 
and series-parallel groups of these 
‘ in A. The sensitivity of a singh 
\ a any as of a single soun 
is arene y 90 db, while a multicell microphone has a sonsit 
he output impedance (which is purely capacitative) o i 
quite high. This sometimes requires them to be operated ect fa 
grid of an amplifier tube having a grid leak of about > mogohma, Phe 
Physical dimensions of a single cell make it practically non-diccotivg 
property is also characteristic of multicell units. Figure 13 shows wrest 
capacity-coupled amplifier suitable for use with such a microphone 
‘Tinga inphragm type of crystal microphone, such as the Brusl Mf 
utilizes a hermetically sealed bimor stal supported at throo 
within the microphone 
Projecting to the center of 
cially treated fiber di 
sinall drive 1 
remaining. c 
crystal. Tnasmuch as the b 
crystal is highly sen: 
verting fluctuating mech 
“Amplifier for use with crystal  $t6980s,-such as those eat 
microphone : bending, into, corresponding 
rical fluctuations, the fluet 
in pressure created by the sound waves impi ; 
phragm result in corresponding. voltage fitetuations te fe cl 
the terminal ends of the bimorph 
Similar to mo: 
directive. 
rather unifo 


z 
it is approximately 2 
d when either high or 


nted across the input resistor of the aml 
quencies of background . 
The properties of the « 
mage suc! 
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u instrument is subjected to temperatures in excess of 
F. particularly for periods of several hours. 


40. Condenser Microphones. ‘The condenser microphone utilizes the 

iple of mechanical ‘iation of thickness of the air dielectric of a 

electrostatic capacity as a medium to change acoustic energy 

p electrical energy of corresponding wave shapes, One form of this 

erophone con: entially of an electric condenser formed by a thin, 

stretched duralumin diaphragm spaced approximately 0.002 in! 
insulated from a fat brass disk called the back plate. 


potential difference is applied between the condenser elec 

od by the diaphragm and the back plate. ‘The varying pressure 

the very thin diaphragm by the sound waves causes the electrostatic 

ity of the condenser to vary by an amount in the order of 0.01 per cent 
normal value of 200 wuf, 

The microphone has an aluminum alloy diaphragm 0,001 in. in, thickness. 
edges are clamped between threaded rings, the requisite stiffness being 
ined by advancing the stretching ring until the desired resonant fro- 

usually about 5,000 cps, is obtained. The space between the 

d the back plate is hermetically sealed to prevent dust and 

entering and resulting in noise, The thin rubber auxiliary 

ws ether with a small air-vent hole in the center of the back 
is provided as an equalizing system for changes in atmospheri 

On account of its inherent high-impedance characteristics, it is 
orate an amplifier in the microphone housing to reduce to a minimum 

length of the lead and the corresponding shunting eapacity between 
phone and associated amplifier grid, Sometimes a compact amplifier 
on the floor alongside the microphone, the two being connected with 
pacity cable. A d-e polarizing voltage in excess of 180 volts has been 

H but this should never exceed 500 volts. 

Welopments upon the early Wente! models by using duralumin as a 
tute for steel as diaphragm material brought the sensitivity of modern 
ments to about ten times that of early models. : 

Sines this is of a pressure-operated type, there are inherent irregularities in 
lFacteristies from acoustic and inechanical phenomenon. ‘The micro- 
diaphragm + to certain resonance frequencies as well as the 

These tend to disturb the smoothness of the response characteristic. 
nd being reflected from the flat surface of the 
pressure doubling especially at high frequencies. 
instrument is practically non-directive whereas at 
les above 2,000 eyclos the directivity is very noticeable, ‘This direo- 
Phas a tenden eriminate against h-f ne d reverberation, and, 
{fertain conditions where the studio does not ntuate the low fre~ 
* an advantage since the human ear responds more easily to 
pound noise of higher frequencies than to lower frequencies. 

Sensitivity of the condenser microphone on the basis of an input sound 
of 1 bar is approximately —60 db below 1 volt as measured at the 
W. the preamplifier. : f ye 

jnestern Electric 640A miniature condenser microphone unit®* contains 

thrscm a fraction of an inch in diameter. The condenser unit is 

ad of a tapered shell housing, of dimensions approximately 

eter and 7 in, long, which also contains the preamplifier. The 
microphone and preamplifier unit is 114 Ib. 

el of the complete instrument is —61 db below zero level of 

dy, 2° bar open circuit at the preamplifier output impedance of 50 ohms, 

ERE .C., Pine, x, 19, 498 f 4 
Brunk: U- C., and P. B.'Fuaxpens, An Efficient Miniature Condenser Miero- 

Mapp: Bi Syctom Pech’ Jour duly, 1983, ps tot. 

+ P.L., Jour, Soc. Mot. Pict. Engrs., September, 1939, p. 278, 
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Published field-response e 
characteristic from 40 to 10,000 ¢; 


ves indicate a rather uniform frequeney= 


Fea nretele as the angle is increased from an axis line normal to tho di 


11, Carbon Microphones. These devices use the variation 
of carbon granules to produce electric waves from sound. wai 
typical example of a “double-button” carbon microphone is s 
Fig, 14, The diaphragm of this microphone is made from dui 
0.0017 in. in thickness and is clamped securely around its outer 
Stretching of the diaphragm to give the desired resonant fi 


Fig, 14,—Carbon microphone. 


TT 


Fie. 15- 


i 
0 db=/volt (open circuit) per bar- 


100 1900 10,000 
Frequency Cycles per Second 


Response of air-damped duralumin diaphragm. 


usually about 5,700 cycles, is done in two steps by means of two 
ing rings. To ensure uniformly low contact resistance, the po! 
the diaphragm which are in contact with the granular carbon are 
with a thin film of gold deposited by cathode sputtering. The 
granules will pass through a screen having 60 meshes per inch but 
retained on a screen having 80 meshes per inch. Each button 
about 0.06 ce of carbon corresponding to about 3,000 granules. 


The use of an air~ 
in uniform respon 


‘The operation of a 
times called caking) 


mped stretched duralumin diaphragm has 
over a wide range of frequencies. 


carbon microphone may be affected by coheri 
of the granules. Severe cohering causes & 


duction in resistance and sensitivity which persists for an extent 


unless the instrument is tapped so as to agitate mechanically the 


cles with some dropping off of the 


ai] 
of 


tect, 


fitout 


7 


Thle transmission loss; a potenti- 
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the common causes of cohering is breaking the circuit when current 


Ging through the microphone. Experience has sh 
Mo filter consisting of two 0.02 ier Sie eel uses 
BPhondensors and three coupled 


ch having aself-inductance 
14 henry, will effectivels 
the microphone button 
introducing an appreci, 


switch also serves to studio 
aking. 

lity of transmission 
Fic. ophone connec- 
tions, 


microphone; the carbon microphone has the disadvantage, how- 


ever, of « high noise leyel or “ microphone hiss." Figure 16 shows the manner 
which the carbon microphone is connected to its associated amplifier.” ‘The 


#orrent through each button is usually in the neighborhood of 10 to 20 ma. 


The se, 
Ri The ‘average sensitivity is about —40 db. 


‘240% 230° 220° 710" 200190" 170" s60F ISO" 140° 130° a 
T2o> 130° 40 Isom eon moreno" Ot age 


110° 
250° 
Hee Ay 
$ 
60° 
300° 
50° 
\ 310° 
SS Variation in microphoné 
response with angular 40° 
Gisplacement of tre source Stor 
‘Sound from the axis 7 
or 340° ° 20" 30 
3 a 350" 340" 330" 


Fic. 17.—Directional characteristic of carbon microphone. 
Tiitivity of the carbon microphone is somewhat higher than the other 


*esponse curves! for a carbon microphone show that response at 


Bau, a *ence is quite uniform from 60 to 1,000 cycles. Above 1,000 cycles 


Stixe, Sruanr, High-quality Broadcasting, Proc. I.R.H., 22, 576, May, 1934. 
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it inereases rapidly, becoming about 15 db higher at 2,500 cycles th: 
cycles. ‘This increase extends rather uniformly from 2,500 to 6,000 
where thore is a marked falling off. 


12. Parabolic Reflector Microphone. The use of a large 
reflecting surface mounted behind a microphone has been found 
the instrument pronounced directional characteristics in the 
of sound waves, The system gets its name from the shape of the 
ing surface, a cross section of which contains a section of a pa 
By virtue of the microphone placement at the focus of the paral 

svolution or hollow paraboloid section, the sound waves striki 

olecting surface are concentrated upon. that microphone diay 
facing the inside of the paraboloid resulting in increased se 
the instrument in line with the axis inside of the paraboloid. 


y. 
SPN microphone 


Fic, 18.—Comparative axial response at 1,000 cps in millivolts per 
parabolic reflector; B, inductor microphone. 


‘The use of the reflector, therefore, makes possible the placement 
instrument sufficiently fat from the sound source so that it is pi 
equidistant from all the instruments or voices, with a result tl 
problem of securing proper balance and volume control is sii 


The directional characteristic makes it, possible to swing the mie! 

and its reflector as one would a searchlight and in this manner fol 
action on the stage of an auditorium or on the field of a sporting 
‘There is an increase in sensitivity along the line of axis of about 
due to the use of the parabolic reflector. 


Since the reflector increases the sensitivity and makes it possible 1 
the microphone at a greater distance from the source of sound, it is 
that the output of the microphone should fall off rapidly if the sount 
nates at a point displaced more than 30 deg. from the axis of the inst 
if this characteristic is obtained, reverberation and reflections in the 
or auditorium will have very little effect. 

‘The h-f response may be increased by as much as 15 db over the 
at low frequencies by varying the position of the microphone in the 
However, in focusing the microphone, care must be taken to select 
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uency range, because at certain points of focus there is a tendency 
Cegularities in the I-f response due to cancellation between the 
wFeceived and reflected sound from the paraboloid reflector. In 
tly “Tstanees where the h-f absorption is considerable, the ability to 
Muate the highs by refocusing proves very helpful pi 
Riither distinct advantage of the directional microphone is its ability 
Ipdsroxard to quite an extent the acoustics of the room as it responds almost 
fy to the sounds upon which it is directly focused. In some cases 
rophone without reflector has been used with the parabolic 
: so that it may be faded in at certain times to make the repro- 
nd more realistic, ‘The parabolic microphone has been used to 
ma certain section of a large crowd or audience of a sports 
up the voice of # single individual at a time in an audience, 


freq) 


Tho. 0° 20' 20° 30° 
19—Axial frequency response of parabolic microphone with a focal 
length of 8 in, 

13, 


Jaa’, Microphone Calibration and Testing. ‘The sensitivity of a particu- 
microphone is generally expressed as the open-circuit output voltage 
"ited at the microphone terminals for a unit sound pressure against 
theittive clement. ‘The intensity of the sound waves impinging upon 
Hmai’'’® clement may be evaluated as a pressure or force. This is 
Fh go0,¢Pressed in dynes per square centimeter or bars, where one bar 
Synth pressure is equivalent to one dyne per square centimeter of the 
Tee rea, $ 
actual voltage generated by the microphone being very minute 
small fraction of 1 volt for a sound pressure of one bar against 
nent), the sensitivity may be expressed in minus decibels below a 
fomettd reference level usually taken as 1 volt. When it is desired to 
late this value with the amplifier gain one would have to assume 
ierophone to be loaded with a matching impedance. This would 
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result in dropping the output voltage to one-half of the open 
value or a corresponding 6 db decrease in output 
‘The sound pressure at 2 particular point where a standard mie 
is sot up is generally measured by the Rayleigh disk method, 
instrument consisting of a light circular mirror suspended by 
uartz fiber at an angle of 45 deg. to the axis of the tube through: 
the sound waves pass. ‘The torque produced on the disk mirror 
sound field is measured by the deflected beam of light focused 
Vor small angles of deflection, the rotation of the disk is proy 
to the sound intensity in the tube and consequently to the in 
the undisturbed field. ‘The actual value of torque may be de 
by a torsion head which has a tendency to return the mirror 
original position, 
30 
5 
20 
1S 
10 


=5 
-10 
“15 
-20) 
~25 
=30 
-35 
~40L_1 11 titit 
10 2030456 8100 2 346 61000 2 3 456 Bi0p00 
Cycles 
Fig. 20.—Frequeney response in axis of parabolic reflector micro 
various focal lengths, 


Where a sound chamber having suitable acoustic properties to 
reverberation, at the lower frequencies especially, is not available, 
response calibrations are made in open air in a quiet atmosphere, 


x standard microphone calibrated in this manner, other ins 
may be compared to it for characteristic 

In determining the response characteristic of a diaphragm-type 
ment such as a condenser microphone, use has frequently been 
the thermophone method, the Gurmtohese ‘onsisting of two 
gold foil mounted on a plate and fitted into the recess in the front 
microphone, the recess being entirely enclosed and filled with hy! 
A d.c, upon which is superimposed ain a,c. is passed through the 
causes fluctuations in the temperature of the foil and the gas imms 
surrounding it. These fluctuations in temperature cause changes’ 
pressure on the microphone diaphragm, and the magnitude of the! 
sure developed on the diaphragm can be computed from the 
of the system, ‘Thermophone calibration is often referred to as 
sure calibration, since it depends entirely upon the actual pressure! 
oped on the diaphragm and hence does not take into account any 
which may oceur when the microphone is used for actual pickup Pi 
‘The response obtained by placing the instrument in a sound field 
stant pressure is termed. a field calibration, 
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effect of the diffusion of the sound field and the tendency for most 
jc materials to be more rbent at high frequencies appear to 
the microphone actually to respond more closely to the field cali 
jon rather than to the pressure calibration. 

Previous to the use of any microphone in an actual broadcast or 
‘sal, it is carefully tested by speaking into it and having another 
ined individual listen to the quality of the sound reproduced through a 
(fidelity amplifying and loud-speaker system. As compared to the 
Jmlts secured from a standard microphone of known high quality, the 

gondition of the microphone under test can be determined. 


STUDIO TECHNIQUE AND MICROPHONE PLACEMENT 


14, Studio Problems. A problem of vital concern to a broadeasting 
m is that of providing favorable acoustic conditions within its studio 
‘of auditorium facilities in order that the effects of reverberant sound 
rom the walls of the enclosures may be kept within desirable proportions 
in comparison to the sound reaching the microphones directly from the 
wouree. Of even greater concern are the problems involving correct 
Plicement of microphones with respect to the sound sources within the 
‘melosures, to assure faithful reproduction of each voice or musical 
instrament, their significant overtones, and a pleasant blending of the 
of voices or instruments. pat be 
ili therefore, by virtue of the eclection of a microphone which will 
“aithiully transmit ‘all the actual sounds that occur within its range 
4Syell as the correct placement of it within a studio or auditorium having 
Suitable acoustie characteristics that high-quality programs can be 
peed. Under optimum conditions of reproduction a broadcast 
er would hear the same acoustic naturalness of the program from 
lis loud-speaker as he would if he were to be transported to a favorable 
“*ot in the studio or auditorium where the sounds originating therein 
id afford a sensation most pleasing for him to hear, 
major considerations involved in proper studio design such as 
gz, ventilation, optimum dimensions, and suitable acoustical 
the walls have been gi t present we shall be con- 
Pimed only with the problems of microphone pl lacement, assuming that 
Borable studio and auditorium conditions exist. Normally, these con- 
Merations would be as follows: adequate soundproofing that would 
ML undesired extraneous noises from entering a given enclosure, 
Ter suitable acoustical treatment of the walls and floor to provide equal 
Sption over a wide frequency range and give the enclosure in itself a 
Mle! frequency characteristic. It 1s of considerable importance that 
i characteristic of the studio or enclosure be considered for 
y transmission because this characteristic is actually super- 
upon that of the microphone under conditions where the rever- 
Sound received by the microphone is appreciable as compared 
ait received directly from the source, ‘ , 
ingle versus Multiple Microphone Usage. During the first years 
‘casting, it was a usual procedure to use more than one micro- 
up a program, especially under conditions where the broad- 
B., and R. M, Monts, Design and Construction of Brondeast Studios, 


19, January, 1981; StviaN, L. J., Ball System Tech. Jour., 10, 108, 1931; 
M., und G. M. Nixow, Broadcast Studio Design, RCA’ Ret, October, 
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a) 


casting group was rather large. This was necessary on each for the particular interval desired, to emphasize the particular 
rather low microphone sensitivity and the inherently high noise {eal instrument or instrumental group, the soloist, or the announcer 
the carbon microphones used during that period requiring a pla eontrol of individual microphone circuits for this arrangement is 
of those instruments sufficiently close to the sound sources to ov fmed in the control booth by suitable mixing and switching devices. 
the inherent background noise of these carbon typ: Rave rehearsing accompanied by listening tests at a remote point are 
of more than one microphone for making a pickup had a disadvanty silly required to secure the desired balance for a particular setup 
that the outputs from the several microphones used were not in pp fous to an actual broadcast. pat y 
phase relation with respect to the sound sources. This resulted in Mp general, the volume range of certain instruments adjacent to one 
siderable distortion when the microphone outputs were combined an mother permits their alliance into natural groups, each instrument of a 
into a common amplifier, @up being placed approximately equidistant from the microphone. 
Improvements in microphones to secure higher sensitivity ag Phe group may contain violins, violas, and cellos; a second group, t] he 
pared to inherent instrument noise level has resulted in the tise ino, harp, flutes, and clarinets; a third group, the oboes, | assoons and 
one microphone at a time. The microphone is located at a suff meh horns; a fourth group, the string bass, tuba, timpani, and Sens; 
distance from the sound sources so that more than one mieve (iifth group, the trombones and trumpets. In dance orchestras the 
is not necessary to obtain a good acoustic balance from 2 group, ris usually placed in the first group, the saxophone in the third 
practice of using more than one microphone at a time has, the pup, and the banjo with the fourth group. 
heen discouraged wheneva= possible because of the phase distor Phere are many factors involved in securing the proper placement of 
the sound field resulting. sound sources or musical in- ..Drapeson 
16. Microphone Placement. The carbon microphone, has ents a microphone par- back wall 
practically abandoned for use in broadcasting pickup work,’ ‘The icularly before 2 pressure or 
tive characteristics of the earbon and condenser types at the high phragm type. While certain 
quencies make necessary the placement of the broadcasting group: have been set up, they may 
an area contained within an angle of 80 deg. either side of the m only as a guide, Most sntis 
axis, ny results are obtained by a 
The frequency characteristics of any diaphragm type of mieropho bined study of the instruments 
dependent upon the relative positions of the microphone and the Well as an actual setup of them 
ofeound, When the sounds approach at right angles to the plane fore a mnicrophone in a given en- 
microphone diaphragm, a uniform response over the desired range Mure. ‘The results of actual listen- 
be obtained, But, if the sounds approach from any other point, it of a high-fidelity 
found in ge that the response will fall off with frequency. iker and monitoring system per- 
characteristic is illustrated by Fig. 17, which indicates ie d by one who has a trained 


oa i 
\\, Conakictor 


varies with the angular displacement of the sound source from the for music or sound naturalness ‘ Shielded or 
phone axis. It will be noted that there is a high loss at the 4 final check upon the proper \\/) ,undlirectional 
requencies jor high angular displacements. Sirice the majo coment, Ny pa’ microphone 
musical instruments depend for their quality or timbre upon the p 4M. Typical Studio Arrangement. wy 


of overtones, 1b is obvious that, if these overtones are diseriml WWpieal setup of a large symphony 
against, the quality will be changed materially, If, in consider stra before a condenser.micro- 
loss in the higher frequencies with angular displacement, we app ie is shown in Wig. 21.4 The | : 
limitation that the loss at 5,000 cycles shall not be more than 2 dl uduments are placed So as to obtain the desired balance for theater or 
Fig, 17 indicates that, in using a single microphone of the diaph Muiitorium work and to obtain the proper harmonic balance allowing 
type, all the musical instruments of a group should be kept with mie microphone directional characteristies on higher frequencies. 
angle of 30 deg, either side of the microphone axis, # microphone is acoustically shielded to prevent reverberation from 
n individual souree of sound such as a speaker, announcer, or 1 Auditorium behind it. Present-day microphones, such as the uni- 
trument should not be placed closer to the microphone than, i types, could be used to advantage without the 
Greater distances are determined by the volume range of the n ¢ in the rear is very small, The string instru- 
instrument and the relative volume desired with respect to the ace 8 re concentrated in the 
panying instruments. n 
One must conside: that in different selections and different & ssion instruments. In 
ments of the same selection the relative importance of the pil given a favorable 
instruments may be changed considerably. Where desired prom 5 
cannot be given to a particular group at a certain time using & 
microphone, it may be necessary to fade-in another located m™ 
group to be emphasized. A number of microphones can in this 


Fig. 21.—Setup of 119-piece sym- 
phony orchestra, 
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An orchestral arrangement involving the use of a velocity microphone 
suggested by LaPrade! is shown in 


The orchestral group in this arrange- 
nt was conveniently located on one fac 
[ithe instrument. ‘To prevent reflection 
‘a wall directly in back of the micro- 
“phone, the instrument is tilted at an angle 
of approximately 30 deg. toward the or- 
(hestra. An exceedingly well-balanced 
sid, as been accomplished by this 
mthod. 
48. Volume Controls or Faders. Vol- 
‘ume controls or faders used in high-quality 
gadeasting circuits should have fre 
y characteristics which are uniform 
<a) b) ween 30 and 15,000 cycles to prevent 
Small Group with Voice 0 them from causing frequency distortion, 
of Singer in Prominence ‘Also essential is a very low noise level. 
Thisisnormally —150dborbetter. Prop- 
shielding for protection against dust 
dirt is necessary to maintain a low 
noise level, as well us to act as a shield 
PAuinst any stray m1 electromagnetic 


Dance Orchestra 


Vie. 23.—Danco orchestra 
microphone arrangement. 


igs. 25 to 31 are shown various types of attenuating structures used 
ing technique, ‘The type shown in Fig, 25 is frequently used 


100% 98% 93% 86% 75% 
o° toe 20° «30° = 40° 


(c) 
Large Dance Orchestra with Singer Concert Orchestra 

if £ 6 é£ Nn 2 
8~ Bassoon 0, - Oboe Ty ~ Trombone 
C-Clarinet P - Piano i - Tuba 
F-Flute S - Saxophone \, - First Violin 
G-Guitar Sy ~Soloist (voice) Vp- Second Violin 
My French Horn 1; ~ Trumpet Y- Cello 
M-Microphone We -lympani, Traps Vs String Bass 


Fra, 22, 


‘Orchestra arrangements for use with a single type 50A indi 
microphone, ' 


musical instrument should not be placed closer than 1 ft. from the 
the microphone. 
The bidirectional cl 


The uniform freq We Micro i K v 
23. The unife la @icrophone fader and is commonly known as the LT structure. 
nstrument with directivity is an adval h used in multiple such as for mixing several microphone outputs, 
a 


y of some instruments may be deereased w i 

Faceimainiatl ‘i ir hi ‘ SAY. ; liste Eee, National Broadcasting Co., The Technique of Broadcasting 
cease ne eat t their higher frequencies, simply by moving “ental Groups, address at Ne Central Music Educators Conference, Indian- 
at a larger angle with respect to the microphone axis h, 1935, ‘See Proc. Musie Educators National Conference, 1935, 
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-LT attenuator, 


Fie. 26a.—Multiple-type LT attenuator. 


Fig. 27.—Single-ladder attenuator, 


Fic. 28.--Balanced-ladder attenuator. 


ar 


Fic. 


Input Output 
> i —> 


Fig. 29.—Type-T attenuator. 


30.—Balanced-H attenuat 
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in Fig. 26a, sufficient resistance is inserted in one output lead from each 
quator to maintain correct circuit matching. The bridged-T struc- 
fire shown in Fig. 26 is used extensively for the same purposes, 
‘The ladder attenuators maintain an impedance that remains prac- 
tically constant in both directions through the middle of the attenuation 
e. Important features of this type “4 
ofattenuator are its simplicity of design { 
quiring fewer contacts and switches. 
‘The minimum attenuation setting of a 
r pad normally corresponds to its 
insertion loss which amounts to approx- 
imately 2.5 dk ys ae Cea 
yange is required extending from zero > a Bi 
tpward, the H or T structures are _ 10- 31—Voltage divider, 
wed. They are usually constructed with a minimum attenuation 


and balanced-H structures maintain a constant impedance in 
hoth directions when properly terminated. The balanced-H and ladder 


3000 
2000) 


88 


8883 


Ss 888 388 


Resistance, ohms 


° 


4 8 2 6 2 4 28 32 
Loss,db 
Fig. 32.—Chart for H and T attenuator design. 


Piietures are used where the transmission circuits must be balanced to 
ind. They are frequently used in broadcasting circuits as master 
controls. Figure 31 shows a high-impedance voltage divider 
in the form of a gain control in the input circuit of a vacuum tube. 

4S. common type of gain control used on speech amplifier units. 
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0!) 
Microphone fading is usually accomplished at the outputs of the ied by the application of 1.228 volts r.m.s. (4 db above 1 mw in 600 ohms) 
te and beyond where programs originate in studios. For traffe instrument in series with the proper external resistance to cause & 
pickups the fading is in most cases accomplished directly at the out Piction to the 0 VU or 100 scale point. The ineirument 3 borat Fat - 
of the microphones. This, of course, requires attenuators of very jcient sensitivity to be read at i normal OV Usotnt on a volume java Of 
noise level. Microphones of the moving-coil dynamic and the v IVU, which isthe sninimum setting ofthe attenus r 
ribbon types have constant lo se epae output over a wide freq for this emer ‘of the calibration of volume indicators, a “reference” 
range and for this reason can be faded directly at their outputs, Feeee ee a ae eae ite ectiariact ath 
‘The curves in Vig. 32 give resistance values of the branches Ste terminals of a source of a-c voltage of adjustable output, the refer- 
H-pad suitable for a channel having an impedance of 200, 500, 0 ot cator and volume indicator to be calibrated are connected 

pi pi , 500, volume indica 

ohms, the range of attenuation being between 2 and 30 db. Si fferillel. The attenuators of both indicators should be sot at eve. 
curves for other impedances may be determined from the form The applied voltage is then adjusted until the reference-volume indi 
published previously! (Sce also Sec. 6 of this book.) 


19. Volume Indicators. The volume level of an audio signal at gs About 
particular point in a broadeasting system is normally measured by 3 8 6000, 
of a standardized instrument called the volume indicator, The po "A . 

jonents of the complete instrument consist essentially of a Ss3 2800w Copper oxide 
high-resistance voltmeter of the copper oxide type, an associ 8283 coltroting TF << rectifierand 
attenuator for extending the range of the meter to higher readit 6° } resistor } .._ instrament 
a variable resistor accessory to the attenuator provided for cal 


3000, About 390000 / 


. es F co 39000hm attenvator ~ 
the instrument. ‘The instrument seale is marked in a logarithmi / "hese - 59000 
and superimposed upon this is an associated percentage seale, About 7500’ 39000 areas 


scales are provided, the A type tending to emphasize the VU readin 

the B type in which the pereentage readings are more prominent, 
While an oscillograph placed across the circuits at a particular pol 

the system would give a true picture of the rather complex wave 

present from program signals, it would be a rather cumbersome 

expensive method of indicating the cha 

it could be used if properly ¢: 

through coordination betwe 


Cope Lypsa 
rectifier ar 
ee S instrument 


3900 ohm attenuator ~3900w 
adjustable in IIsteps 
typo at 2db each 


characteristics most suitable for the purpose of indicating signal vol Pio. 33.—Standard volume-indicator circuit, a, for bridging across a Ii 


‘The standard volume indicator (Fig. 33a and b) utilizes a d-c low-impedance arrangement such as line termination, 
e full-wave copper oxide rectifier mounted in 

‘anged for bridging, as in Fig. 33a, across a line, it has an impeda 
about 7,500 ohns measured with sinusoidal voltage, Of this imped 
3,900 ohins is in the meter and about 3,600 ohms is external for the purp® 
securing required dynamic cha oe : 

She dynamic characteristi such that if a 1,000-cycle sine wave ve x 2 ta arena Hoon: rostricwedsto sts 
of an amplitude to give a sto: ding of 100 on the voltage scale is sud Ta, sociated Wales Geoteay VU acme ee axpreseed 
applied, the pointer will reach 99 in 0.3 soc. and then overswing the 10006 ee ne Rennes Whonerer a rcisne bast 708 Ao tan ening went 
by at least 1.0 and not more than 1.5 per tent. ‘The frequency tae ™cy plus or minus VU, it will be 


; n e e istics of this standard instrument 
the instrument is very good as is indicated by the fact that it does not d &n instrument having the characteristics o| Sere nary eae 


from its 1,000-eycle reading by more than 0.5 db between 25 and 16,000) Pitan roore with respect to fend eet gs oes fans, will not give 

The standard volume indicator is calibrated to read 0 VU whet iss, iicators, even when recalibrated tos l-mw basis, wt ance ot 
connected to a 600-ohm resistance in which is flowing 1 mw of sine wave P Bite, ne, COrrespon: othe silar characteristics of the new instrument. 
at 1,000 eps or n VU whon the calibrating power is n db above 1 mw- in Waves owing to the particula: 


ever, owing to limitations in the present art, it has not been found prad BU Snecch-i mplifiers. ‘These amplifiers are sometimes termed 

to make an instrument of sufficient sensitivity to be calibrated to read Ne eae kanes pon program amplifiers. They com- 

across 600 ohms with 1 mw, and therefore the instrument is normall¥” Bite the apparatus 7 ep eoenty to increase the electrical energy output of 
ic Bier 


* 
‘Jomxsos, K. 8., “Transmission Circuits for Telephone Communications RE microphone or transcription reproduction to a sufficient level to 
aan company, Ine. New York; and Lasrenuas, W. F., The Design of A it its transfer by means of wire lines to the broadcast transmitter. 
Networks, mnizs, February, 1931, i ansfer by sisted 
2Omnw, H. A. D. K. Gawwerr, and R. M. Mosnts, A New Standard Volumé Moone" al energy level of programs entering the wire lines or pros re 
cator and Reference Level, Proc, I.R.B., January, 1940. pproximately -+-S VU (+14 VU delivered from the line amp! 
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with a 6-db isolating pad). In Fig. 34 is shown the arrany paracteristics and a uniform frequency response over a wide range, 
reamplifiers and line amplifiers between the microphone and th fis amplifier normally has audio pow andling capabilities. up to 
ines, Other equipment shown are the microphone controls, so that high audio peaks are not distorted before reac ane 2 
indicators, monitoring amplifiers, and relay-switching systems, er head, There is a standard volume indicator across the line 


Speech-input equipment is designed to have a substantially fillowing this equalizer since the cutting head is placed after the equalizer, 
response from about 30 to 15,000 cycles and above. The maxi the output of which drives the cutter head. ia aa 
gain of such a two-stage amplifier from input to output is approxim 92, Methods of Recording. It is possible to secure hig aie ity 
48 db. The input impedances are 67.5/250 ohms, and the o geording for broadcasting either by recording sound on disk records or 


impedances are #5%%oo and 600 ohms, fm film. Disk records are used most extensively in broadcasting 


icy 


Pi 


Fra. 34,—Microphone or preamplifier circuit. 


PROGRAM RECORDING FACILITIES 7 ee 


‘The essential parts of a large broadcasting system usually includd! 
acilities for recording programs for the following reasor 


1, {To have an accurate regard or log of the program material ad 
ited from a station. This is known as reference recording. M Variabloadenett 

To secure a record of a studio or special rate program Seka of tile send ty; 

i 8 and thus be able to reproduce the program at a time stant intensity; 
nt for an audience which may be in a time zone a number of thourent and caw 
t in which the event takes place. { He film. When u: 
n of recordings for use at small stations where wi 
ies are not available. 
4. The recording of an audition of a person or group of persons qu 
for a program part. 

6. Production of sound effects such as crowd noise, ete., for conves 
and introduction into a particular program. sity variations than Wistueas <1 = : 

21. Recording Equipment, ‘The essential equipment required f Variable-area Recording. In general this is accomplished by using 
ducing high-fidelity recordings on disk records consists of the foll0 Plight of fixed intensity, which is modulated through the operation o a 
For bridging a program bus by means of a multiple point switelt Tits Yometer, or vibrator. This produces serrations on the sound-trac 
is a limiting amplifier of the type similar to that deseribed under of the film, as shown in Fig. 350. . bare 
Facilities. It is the function of this limiting device to prevent 2 cording ‘with Kerr Cell, In this method the light-valve unit or 
cutting of the record on high peaks. Following thi: di mjst@ph unit is replaced by a Kerr cell. The Sppesratiee 
recording channels, each a program amplifier having linear amphe track is similar to the variable-density sound track. 
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4. Pilm-engraving System. In this method an electric-cutting rtion of the speech input is detoured through the noise-reduction 
Sig et Pe 8 pow, sipubanis used, te: meeye the Cla gmifier and used to control a bias current. whieh flows, through the : 

ze lesa ps atid IRN Gort Rae fagpin ribbon and in turn controls the ribbon spacing. ‘The result is a 

le or outside the sprocket holes. The depth and shape off wseless recording as shown in the lower half of Fig. 35c. ‘The increase 


are similar to those used for cutting disk records (é.e., from i at Nepalis rednisen th d_noise (and. consequentl 
7 Ra cae f, sound-print density reduces the ground noise (¢ onseq' ly 
as pth, aud 4 to 6 mils in idth). ee Eereases the volume range of the record) to the extent of about 12 db. 
‘ibrating-ribbon es lies nerd te elon ae I dialogue equatizer' is sometimes used with wide-range recording to 
make e rating ribbe st & ‘a 


Fil__. sing shadow upon the sound track.  Ofig i i . 
S ribbon valve, developed in Soviet Russiay + 
& be rotated 90 dog., so as to yield at will ef f 


variable-area or variable-density recordings 
The RCA Photophone recorder,? used for 
able-area recording, is shown in Fig, 36, 
“i ite the galvanometer. One carrie 
e current to be amplified; the other, a 
tion of that current which has been rectified rz, 
ias. In the absence of modula 


a. 
row transparent Tine is produced dM yf 97j,Schematie dingram of the, eal 
nter of the sound track, A speech si voice coil; d, bias coil: 4 
uu the mirror to vibrate about a cet Mesonance frequency (9,000 eyeles) ; 9,0, ait gaps; h,h, prongs providing tension 
position determined by the bias current: for galyanometer ribbon; 7,7, galvanometer ribbon ror plate; m, mirror 
ence to raflect to the film a varying widt Tho mirror vibrates rotationally about a center through the ribbon. 
the triangular aperture. ; as 
ion of thia method is push-pull Azordertomp Condensing ft bev ens 
ing, in which the sound track carries two ini filament "Len System 
side by side but 180 deg, out of phase. = 
‘optical system of the reproducer focusea 
recording separately on one cathode of a dot 
cathode “full-wave” photocell.# 
The Western Electric light-valve re 
consists essentially of 2 duralumin ribbon © 
Fra. 86-—-Schematie Pit” in a plane at right angles to a strong 
diagram of RCA Photo- _ netic field. he ribbon is approximately 6 
phone recorder. a, re-_ wide and }4 mil thick. This ribbon is stret 
cording lamp; 6, by means of an adjustable spring over a D 
condenser lens; ¢, tri- having a narrow slit for passage of the 
sokdlae polars We from the recording lamp through the opHldall 
ns} : tem to the film: : : illumination i 
mirro} conden : f . c the film, but a portion ol illumination is allowed 
Ienstg’ mvchaniont aie, Setserows are provided to center the rl Miss xed pun I Pitan Red convact with the film. 
Nba _, accurately over the slot, which is approxi he recording level for the Aeolight is approximately +12 db above 
8 mils wide and 250 mils long. ; 4 Bieference level, All lampa have a steady d-o component impressed, 
The ribbon is tuned after proper spacing on the valve to 9,500 hich catises them to burn at a predetermined exposure, ‘This exposure 
or higher, so that its natural period will be outside the range 9 B modulated by an a-c component due to the introduction of voice 
frequencies being recorded. A diagram of the optical system 1 nts from the recording amplifier. The resulting output is a variable- 
light, valve for recording is shown in. Fig. 38. ‘The light source 18 Hesity sound track similar to that shown in Fig. 35a, ‘The illumination 
vided by a special lamp having a horizontal filament, ‘The lamp 806 Ms glow lanes cnntonitwatelyy proportional to the amount of current 
mounting is so adjustable that the filament ean be focused prop’ BUMS ihironet i, tiki the noweal yacording fangs. 
the light-valve slit. ‘The sound track produced is shown in Fig. gi: Sound on Disk Recording. ‘The direct method of disk recording 
es aluminum disks usually 16 in. in diameter and 0.050 to 0,060 in. 


ometer used to actuate the 
ilicon-stee! pole piece 
rubber pad for dampin 


age on Film, 
faooos%aree") 


Meee ee 
(o9o1"x0256") 
38.—Optieal system used in ligh 


valve recording. 


Mluce the 1-f response during dialogue and especially for intimate 


83, Glow-lamp Recorder. ‘This consists of a two-clement gaseous- 
‘urge tube which varies its illumination in accordance with the voice 
Currents impressed on its cireuit. This produces a variable-density 
ck similar to the light-valve trac! The Acolight, used by 
m Corporation, is one of the recorders in this class. ‘The lamp 


TROL Bone, Ontoee ah ee Are 1084, De 188. ics, coated with a cellulose nitrate compound (usually miscalled 
3 Jour, Soe! Mot, Pict. Bnars.. Jaly, 1982, p. Bl. Yow Soo. Mot. Pict. Engre. April, 1984, p. 254. 
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“acetate”). The cellulose nitrate coating is used as the medium 
recording sound modulations, These disks are suitable for iname 
playbaek. 

For indirect recording it is the usual procedure to use soft wax 
approximately 17 in. in diameter and from 1 to 2 in. thi 
are later processed to produce a hard record approximately 16 
diameter and 4 in, thiek, 

‘The sound record is cut in the highly polished surface of the wax 
by means of an electromechanical recorder. The technique of eut 
wax records is similar to making standard electric phonograph 
‘The standard speed for common phonograph records is 78 r.p.m. 
for broadcasting records it is usually 3314 r.p.m. This speed 
16 in. disk gives a playing time from 10 to 15 min. 

Both types of records are cut with the spiral proceeding from: 
outside edge of the record toward the center, similar to making stan 
electric phonograph records, 

26. Variation of Frequency Response on Disks. In recording 
a disk revolving at a constant angular velocity, the cutter stylus is p 
near the outside edge of the record, and, as the engraved spiral of! 
sound track progresses toward the center of the disk, the velocity 
which the stylus travels on the disk is decreased. This velocity 
directly proportional to the radius between the center of the disk. 
the position of the stylus. Now, for most satisfactory reproduction 
higher frequencies, the stylus must travel with sufficient velocity o 
disk to provide sufficient space in the groove to permit sati 
engraving of the h-f pulsations of very short duration. ‘Therefore 
is a tendency for more satisfactory engraving of the higher frequi 
near the outer edge of the disk than toward the center, In other wo 
for a given cutter engraving on a disk of constant rotational speed, 
frequency response one may reproduce from a disk is more satisfae 
near the outer edge of the disk and is less satisfactory, especially to 
frequencies, as the stylus moves toward the center. For this rea 
high idelity results are to be obtained, the groove containing 
modulation should not be closer to the center of the disk record 
5 in, for 78-r.p.m. recording and 8 in. for 3314-r.p.m. recording. 
to good results are obtained with the groove containing the sound n 
lation at a radius on the disk of not less than 214 in, for 78-r.p.m. 
4 in, for 3344-r.p.m. recording. For a given playing time it is someti 
possible to keep this minimum radius, cutting more grooves per 
sometimes as many as 160 in lateral and vertical disk engraving. 

26. Lateral and Vertical Disk Engraving. In the lateral system 
groove depth is kept constant, and the engraving stylus moves in & 
zontal fashion to produce undulations in the sides of the groove. 
groove spacing therefore must be sufficient to prevent the stylus 
cutting into adjacent grooves at the low frequencies. 

‘The vertical system utilizes an engraving stylus moving in a vel 
direction. The groove depth varies with the mechanical moduli 
whereas the groove width is kept more or less constant, with a 
that the groove spacing ean be kept closer with a correspondingly 
duration of playing time. 

In Fig. 39 are illustrated waves produced in disk-record grooves Ul 
conditions of “constant-amplitude” and “constant-velocity” 

‘The wave marked 1 illustrates constant-amplitude engraving produ 


Grave frequency f of 100 eycles would be one-half t 
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_onstant sound level regardless of frequency at the cutter. In this case 
Fecorded amplitude is the same for all frequencies. 


qhe constant-velocity system utilizes constant vibrational velocity of the 
sin the record groove under influence of the cutter head. In this case 
Mmplitude of the wave is inversely proportional to the frequency. The 
marked 2 illustrates undulations in the record groove produced by 
ant-velocity recording, producing an increase in amplitude with a 
in frequency for a constant sound-level input (assuming that the 

em from the microphone to the cutter head has a uniform frequency 

In this instance, where amplitude = 0/kf, the amplitude of 

Of 50 cycles for a 

fant veloci At the lowest frequencies, therefore, the amplitudes 
d be excessive if sufficient amplitudes of the higher frequencies are to be 


100~ = 200~ 500~ = 1000~ 5000~ 


Wave No,] 
|constantamplitude 


plitude 
ion in groove 


Relative amy 
of modulati 


recording | 


\ 
! 
| 
\ 
furnover frequency (350~) 


Mic. 39.—Characteristic of waves produced with the constant amplitude and 
the constant velocity systems of recording. 


Imaftced in the record groove. Since the groove spacing would have to be 

considerable to avoid “ groove crossover” or “echo” effects in adjacent 

eres, duc to excess jitudes at the lower frequencies, it »s customary 

t records constant amplitude at frequencies below some point between 

ind S00 cycles and constant velocity for frequencies above this point. 

Treats lustrated as wave 3, a solid line. ‘The transition frequency betwean 

t-amplitude and constant-velocity recording normally some point 
‘ween 350 to 1,000 is called the turnover point. 

duce a constant-ampl characteristic up to the turnover 

and a constant-velocity cutting beyond, it is necessary to utilize 

tive equalizers depending upon the particular type of cutter head used. 

fue cases the response characteristic of the electrodynamic cutter head 

is a contributing factor in the production of the c mplitude and 

illustrated in 


e of great importance because 
3 ages 01 whea producing 
small quantities, While the nitrocellulose coating is essentially softer 
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than the pressed records manufactured by the electroplated soft wax 
as many playbacks as 100 may be secured from a nitrocellulose di 
well-designed lightweight reproducer. A substantially flat f 
response may be recorded on, and reproduced from, these disks oye 
of between 50 and 10,000 eycles and higher near the outside port 
disks. It is good practice where very high-fidelity reproduction is 

334-r.p.m. disks to use the outside portion of the disk to comp 
the loss of the highor frequencies in reproducing as the pickup mor 
the center of the disk or to divide time into two or more disks, thus p 
reasonably high linear recording velocity of the cutter stylus, A 
range of approximately 55 db has been’ obtained from nitrocellul 
using the lateral system of recording and reproducing. With eat 
operating conditions over-all distortion of the combined recording 
back operations is less than 5 per cent. ‘This over-all distortion 
function of engraving velocity, decreasing as the velocity is inerea 

roasing with a decrease in engraved depth. 

ris a term used to dese 


{he oe 
$00 1000 5000 
Frequency, cycles per second 
Fi, 40,—Frequeney response of cutter head based upon optical mes 
of the stylus tip motion for constant input. 


In observing reflections from 


e Under a microscope this vertical 
lation may be seen as a varying width of the cut groove. Manuf 
supply stabilizers which assist in the elimination of flutter. 

When recording on nitrocellulose disks, an air-suction nozale is pM 
near the cutter to remove shavings or shreds so that they will not 
with the engraving process and also to provide for safe disposal of this] 
inflammable material. Care must be taken to avoid dust, fi 
grit from entering the engraved surfaces of the disk. Otherwise 
tendency for increased noise. It is customary to engray 
inch on these disks, although 96 and 112 and as high as 160 grooves P 
have been used. This number is fixed by the lead screw of the 
machine, The groove depth engraved on this type of disk is normall¥) 
0,0015 to 0.002 in. Commercially, it has heen’ possible to secure reed 
of this type having a noise level 60 to 60 db below the maximum mo 
signal, although the average record has only a 35- to 40-db spread 
noise and modulated signal. By the method explained below for pI 
soft wax from which pressings are made of a hard material, nitro 
disks may be similarly processed for the purpose of making a large ml 
pressings. 

Tho indirect recording method requires considerably more equipm 
time to manufacture the pressed disks than the direct method d 
above. However, for mass production, pressings can be made co! 
more cheaply than single records by the direct. process. 
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ssary Equipment. Equipment necessary for wax disk record- 
ae scatially of a machine lathe especially designed to turn the 
erpoord clockwise at a uniform speed, which is 33) r.p.m. for broad~ 
ing work, ‘The carriage of the lathe is driven with a lead screw care- 
Jnachined to move the recorder holder at, a predetermined rate while 
the wax record. The lead screw is driven through a gear train 

jh regulates the number of grooves cut per inch, usually 86, 92, 98, 
or 120. A recorder holder provides the necessary support for the 


dutrical recorder 


A horizontal turntable, driven through a. vertical shaft, is provided 
supporting the wax record. ‘The vibration of the driving motor is 
sinated on different lathes by various methods. The Western Electric 
he uses an oil dashpot placed below the lathe bench, and through 
ich the vertical shatt of the.turntable is driven, This dashpot pro- 
lis the necessary damping to ensure smooth recording on the record, 
he RCA machine utilizes a motor on a rubber isolating mounting. 
table is driven by means of a rubber roller, the shaft of which is 
itdriven from the motor pulley. Nite) 

‘The details given below refer to lateral-cut records, this being the most 

ommon type of record that has been used for broadcasting. Vertical- 
records are made by some studios for playback purposes. Both 

have their particular advantages. eos fj 
Sound-recording Channel. A schematic diagram of a typical 
ding setup is shown in Fig, 41 which represents a Western Electric 


an, ‘ 
99, Preliminary or Booster Amplifier. ‘This amplifier (see Vig. 41) 
Mounted between the mixer panel and the volume-control panel 


istused to amplify the output of the mixer before passing through the 
lume-control panel. Amplification is desired at this point to raise the 
ing level sufficiently high to prevent undesirable pickup from 
Y cloctrie currents or other sources entering the voice-transmission 
it, It algo eliminates possible noise when operating the volume- 
tol potentiometer. ‘This amplifier differs in detail for various sys- 
, i the Western Electric system, it is a three-stage resistance- 
led amplifier using three 264-A tubes. ee 5 
Volume-control Panel. ‘The outputs from the individual mixer 
Is are connected in parallel, and leads from them are connected to the 
Mt of the preliminary or “booster” amplifier. The output from the 
litinary amplifier is fed into a control potentiometer, which permits 
lultancous adjustment of the total volume without changing the rela- 
® adjustments of individual mixer values. ‘This panel also mounts 
tension volume indicator to give a visible indication of the volume 
Maintained at the bridging bus. ; = 
Main Amplifier. ‘This amplifier is so désignated that it amplifies 
Output from the volume-control potentiometer and delivers the 
iublified current to the bridging bus cireuit (or in simpler installations, 
tly to the power-control panel and recording machine). It is the 
lificr furnishing the largest gain in the recording channel. ‘The 
Amplifier differs in details for the several recording systems, | In 
Westorn Blectrie system. it may be an impedance-coupled amplifier 
qunPut and output transformers, i., the first stage using a Western 
Ne 102-type tube and the second and third stages, 205-type tubes. 
fotal gain of this cmplifer is approximately 70 db. The gain 
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control of the 


amplifier is provided by 


a 


circuit. One bridging amplifier is required 


its principal function being to pre 


potentiometer in the idging: ifier are connec 
[ for eachitee @he, bridging: mplifier outputs are connected 
nt variation in individual 
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J , the film and wax 
rding, fn machines in the recording room. ‘The wax recorder requires 
e imately +8-db volume level, and the film recorder around 0 db, 


circuits from introducing any loss or distortion to other cirouit BP svisk Records. ‘The groov record are ordinarily spaced 


0.ase9 
fia 


p-sas7t 
eet. 


D-sens 
MERE MACH, 


Pranic) 


229800 
neseA 


Tint 


prerey 


the electri 

upon the number of am 
sentially a power ampl 
high input impedance, m 

across the main bus prac! 


fier, wi 


ical. 


io 160 per inch, For 92 grooves per inch this allows about 0.011 in. 
enter to center of the groove, of which 0,006 in, is the width of the 
self, ‘The maxi eral motion of the stylus is thus limited 


na rTE 


h the input 


it output from the main am) 
plifiers connected to the bridging bus. 


Generally, 0,002 in, should not be 
8 sed are designed as slocity 
In practice such cutters b is characte 


or higher. Below this point the amplitude is i dependent of 
Tf the maximum amplitude for a 300-cyele wave is equal to 
n either side of the center, then a 1,500-cyele amplitude for the 
ical input level would be 0.C004 in. 
‘The shape of the groove varies somewhat in commere al practice, but, 
isapproximately 0,006 in, wide and 0.0025 in. deep, | ‘The pitch of the 
ove is generally 0.010 to 0,011 in., leaving a space between grooves of 
mt 0.004 in, With only this space avuilablo, the maximum safe 
plitude is something less than 0.0025 in., if the walls of the groove are 
Tot. to be cut too thi 
Cutting stylus consists of a sapphire, synthetic ruby, or other hard point 
BET yes rovor end of the stylus arm. Ono end of the sapphire 
arounded point about 0.002-in. radius and a cutting angle between 
and 88 deg. for the sid 
Mhe ad § vlindrical sapphire, ground spherically 
‘one end and held in an adjustable mounting att chment to the recorder. 
his hall supports the weight of the recorder, and the arm, being 
permits regulation of the depth of the groove on the wax. 
ack reproducer is provided to permit playing back the wax 
immediately after it is cut for rehearsal wor and test. This 
snders the wax unsuitable for processing, and for this reason 
® eords are usually provided for cach recording channel, one 
Which can thus be used for playback and the other for processing. 
det Pressure of the needle on the wax is generally adjusted to between 
= 20 g. 


«lle provided for playback from th s designed differently 

Bin the ordinary needle used for the finished hy rd. The Western 
has @ point 0,003-in. radius. ‘The needle is constructed 

rol, ground to a smooth finish, and the point given a chromium 


Che, improve wearing quality. ‘ 
wohecking Speed. ‘The periphery of the turntable is us 
h vertical lines, so that a neon lamp, operating from a 60-c; 

be used us a stroboseope to observe the turntable motion. 
rd turntable are usually arranged so that with 60 
t exactly 3314 r.p.m., the 

an 33!4 rp.m., the lines 
¢ rp.m., the reverse will be 
fase, is usually made with the wax record 


(a) Schematic of Western Elect recording system; (b) transmission-level diagram of 


Fic. 41 


plifer, dep cu tumtable 


king the Lamping Action. A method of checking the 


ee act the isformer arran| nas constant speed may also be used to cheek correct damping of the 
ing the bridging of several of the am ble. With the turntable rotating at normal speed, the oscillator 


Supplying 60-eycle source to the neon lamp may be adjusted until 
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the vertical lines appear stationary. If the disk is now touched jj commercial use. .A complete description of each step would go 
by hand, the line or spot observed will appear to shift its position ond the limits of this section. The following are the essential steps 
to momentary load. As soon as the hand is removed, the line oy his proces: 
observed should come back to its origine is 


veme! vi et it v] ii i suri ff the engraved soft wax disk is rendered conductive by 
movement will determine whether the turntable has insufficient d Bethe surface of the engrave’ je conducting powder, such as metallic 


S i very tl 
or too much damping. ding » very fd ilver from a 
on ae : ; : {wer its surface; by the finer processes of depositing silver { 

Determining the Starting Point. Disk records for radio broad Her iver nitrate; of by sputtering pure gold of very minute thickness 
use are cut in clockwise rotation from the outside in, similar to ord hesurlace, ‘This metal coating is for the purpose of forming one electrode 
phonograph disk records. ‘To obtain.a definite starting point f Hho electroplating process. ; Bb, Gaeta 
records when in use, the first groove is spaced an appreciable di 4, Electroplating, of this record with a sheet of sobre ia, At aE uy 
from the rest of the cut. ‘This is obtained by a coarse speed cam pkness deposited on the wax. ‘The nogative electroplate obtained is 
ing the lead screw at the start of recording. . As tho lead Som Mted from the wax and used to hot-press a molding compound, such a 
ie a, ate 4 R 8. Ww Ht mixed with a finely ground filler. The first electroplate obtained is 
its first complete revolution, it moves the recorder under the inflt lnc, s 


4 gerne ‘ 2 ed a master. Pett 
of the cam until the recorder is in its normal cutting position. A two test pressings are made from the first master, after which it is 


83, Wax-suction Equipment. ‘This equipment is provided to wiroplated with a positive, 
a means of removing the shavings from the wax record during From this positive, sometimes referred to as an original, a metal mold or 
‘The suction tube is so placed that the shavings thrown off by the er record is made, 
are carried away from the face of the wa 4 central sue ion the ronons idapl 
usually provided in studios having several recording channels, dla lb ri arta fe jury. 
usually consists of a turbine suction pump with pipe lines lend Bi to protect the orl are ea te cbiaiaae many as 1,000 finished 
a central suction point to a separator tank placed in each recording: a 
Tn some smallor installations, an individual bell jar, with 1 emalll 
motor, is used for each recording machine, Generally, it may be said that the duplicating process reproduces 
34. Wax Preparation. Two types of waxes are generally Werything on the original wax engraving to such a fine degree that 
sound recording, those having a working temperature of 75°Fy only difference one may observe is in the materials, one soft wax, 
those with working temperature about 90°F, Matthews nil the other a harder, more durable plastic, composed of shellac, 
“E, working temperature, is perhaps most commonly used, Vinyl, or ncetate compounds mixed into a filler having very little abrasive 
considered good practice to maintain the room temperature for th mties, ‘The surface of these manufactured records is considerably 
M wax around 75°F, when recording. ‘ 
‘The procedure for preparing the wax consi 
steps: 


jeate originals may be made and, from them, 
By thus making a number of duplicates, it is 


s briefly of the fol 


ice to select desired portions of 


1, At the center of the wax, which is usually indicated by a cross mi ‘This is done with both disk 


94arin, hole is drilled to a depth of 34 in. 
2. A coarse cut is made for a depth of about }4 in. on one face of th 
and repeated as necessary to obtain a perfectly flat surface. The ‘tent 
later reversed, the first, cut surface becoming the base for the finished thy 
On reversing the wax, a hole is cut from the other side to meet 
drilled on the bottom, 
A coarse cut is now made on the top surface and repeated where 
sary to produce a smooth and flat surface. The is now ready [6 
findl shaving or polishing cut, which is done with a sapphire or ruby 
tool. 
5. ‘The face of the shaving knife is usually set at an anglo of bet HB 
and 50 deg. to its line of travel, depending upon the particular desigh for th 
knife. Its rounded end is toward the center of the wax, The cuttin bing ’ 


of the knife is set at an angle of 90 deg, to the surface of the wax. ‘The Beane: i a Beata “effects” upon a 
table revolves in a counterclockwise direction. tecording is used to superimpose special sound F 


6. The suction nozzle is placed close to the cutting knife, about 4 im . For this purpose two or more reproducing systems are connected 
halront laser teat above Sau cna odber " A Dirallel input to the Fecorder funphifer. ‘The method offers superior 

7. The best finishing speed is usually determined by i ttol over the relative volume of such sounds as gunshots, background 
erally ranges from 150 to 160 r.p.m. |" The finished cut on the wae, » storms, ete, and, moreover, tends to reduce the cost of produc- 

library of “effect” records is maintained at many studios. 

als intended for re-recording are sometimes made abroad by 
® a lateral track in discarded film, which is reported to he entirely 


35. Record Processing. Briefly, this consists of the various 
after obtaining the soft wax record, to produce the final hard 
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serviceable for this purpose and to withstand many playbacks 
damage. 


rele point the response curve shows constant-velocity motion well 


ve i by electrical means to move 
87. Electrical Recording Machines. It is essential that a Bfreavency of 10,000 cycles. 18's pommjae tera lower frequency of, 8a, 
machine of a precision type should have a constant speed, garnover po Sa) : 
reason it is usually driven by a synchronous motor. The jeseles, ‘slectrical input. impedance of the cutter head itself is approxi- 
Boe oe Cee ery feb a ee keorine the ie § chins, an electrical impedance compensating network ean be secured 
constant, the speed regulation of the disk being usually bet 
0.8 per cent. It is customary to mount the drivicg motot om 
dampers in such a manner as to prevent the motor vibra 
reaching the revolving table. Vibration from the motor shaft 
from reaching the shaft of the revolving table either by using 
rubber differential speed rollers, or both. ‘The spacing of the 
cut on the disk is controlled by gear trains and the lead sei 
moves the cutter head toward the center of the disk. ‘The m 
grooves engraved per inch can be set by means of the gears. Ay 
tube is provided for removing the shaving or thread produ 
engraving. A microscope and groove illumination lamp 
examination of the engraved grooves. A playback picky 
generally provided in addition to the engraving cutter meel Fio. 42a: 
permit playback of the record for quality checking. 

38. Recording Heads or Cutters. The essential requiem 
recording head suitable for producing high-quality recordings 
follows: (1) freedom from amplitude distortion in producing um 
on the disk rocord, (2) suitable-frequency-respones charactert 
range of 40 to 10,000 cycles to produce constant-amplitude and 
velocity recording over the frequency ranges required, (3) fi 


Electrodynamic type of recording reproducer. 


mechanical resonance which would ‘tend to cause overcutting, Armature 
reasonably good efficiency in transformation of complex el conden! 
energy into mechanical vibration of the cutting stylus. RA 

There are numerous types and designs of cutting heads mami 
for recording sound on disk. ‘The most common in present-day’ Olt ae | 
the electrodynamie and the piezoelectric crystal types. paige 

Electrical recorder heads provided for disk recording are generally Pole piece. 
so that the average linear velocity of the stylus (which may be ex] assembly 
4 constant X the frequency X amplitude) is proportional, over 
range of frequencies, to the impressed voltage, or v = kfe. The Needle” 
damping the moving system varies with different records screw 
zl recorder uses a rubber tube about 34 in. in diameter and 8 Fia. 42b.—High-fidelity recording-head assembly. 
one end of which is fitted to the armature assembly and the other eee, 4 
Oil eA sometimes used to damp the armature movement in other O25ufeach Sohms each 
recorders. 

A drawing of an clectrodynamic type of recording cutter is show 
42a. With a modulated current passing through the winding of this. A 
ment, the armature produces and transfers to the cutting stylus 1 4 6 7)8 9 10 Boypputof 
undulations conforming with those in the electric wave, except recording 
amplitude is altered somewhat by mechanical and electrical means. amplifier 
42b is illustrated the RCA MI-4887 high-fidelity recording he “ [5 ohms 
cutter head utilizes a band-pass mechanical network terminated 1 Nee ‘ 
mechanical resistance material. The balanced armature is cent Fic. 43.—Circuit for correcting characteristic of recording head. 
means of a tempered steel spring. It is supported on knife-edge Peta, of 15 ohms throughout a wide frequency 


upon which the lateral stylus motion is centered. Nicaloi is used 
pole pieces of the permanent magnet. 

The frequency-response characteristic of this cutter head is 
Fig. 40. Below 800 cycles, frequencies are controlled to hold 
vonstant, the stylus velocity decreasing as the frequency is reduced. 


ng a power output of 10 watts or more is 
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range the voltage applied to the crystal of the cutter head is no 
yolts r.m.s., while for the constant velocity range of recording it fe 
yoltsr.m.8. Since the internal impedance of the head is rather 
159,000 ohms at 100 cycles, the actual power consumed by the ‘stal 
amalll, being less than 1 watt, although the power output recommend 
the driving amplifier is considerably more. 

A corrective equalizer is required with the cutter 
recording above 350 cycles Under correct operating 
facturer shows that this cutter has a frequene 
lat within +3 db between 30 and 10,000 cycles, 

A sapphire cutting stylus is recommended for use 
For most conditions of recording the groove depth is 0.0025 in. for 
soft wax and 0.0015 to 0.002 in. for nitrocellul records. 


40. Measurement of Frequency Response. By examination 
frequency-response curves of the Various component parts of a. 
system the over-all performance of the system can be cheeked 
program microphones and amplifiers which feed the recording 
measured in a conventional manner with a standard sound soure 
frequency oscillator, output meter, or eathode-ray oscillograph. 
these conditions the output of the amplifier at the terminals of thee 
head is usually flat within +1 db between frequencies of 40 to 10, 


The recorder cutting head, however, usually has a sloping ft 
characteristic (Fig. 40). The response of the cutting head alone h 
measured by supplying constant level tone at various frequencies to 
and, by means of a tiny mirror attached to the stylus, reflecting a B 
light into a phototube. Tt is usual practice to measure the respol 
cutter and disk material together. 

This consists of making a recording of the output of a bentefi 
oscillator held at constant voltage at the cutter terminals. 
usually recorded in order from outside to inside are as follows: 10, 
8,000, 7,000, 6,000, 5,000, 4,000, 3,000, 2,000, 1,500, 1,000, 800, 500, 
150, 100, 80, and 50 cps. ‘The completed record is then removed 
turntable; and under a concentrated single source of light, the refl 
light source as seen in the grooves shows peculiarly patterned shapes 
to their descriptive name “Christmas tree.” The pattern is sym 


about the radius of the disk. It is actually a graphic representations 


frequeney responses of the cutter and disk material together. 

of the disk is the axis of frequency, the end of the pattern nearest 
being the lowest frequencies. The width of the pattern measured 
dicular to the disk radius is proportional to the undulations of the 
This in lateral recording corresponds exactly to modulation dept 
phenomenon is due to the reflection of light over a wider band, the mt 
ratio of modulated groove width to depth. 

Inasmuch as good reproducing equipment usually has flat chara 
the Christmas tree pattern may be produced with straight sides fi 
turnover frequency, of say, 500 to 7,000 cycles. Below this, it is custom 
compensate the loss of low frequencies by boosting them 
filters in the reproducer, If it is noticed that pronounced 
pattern, the cutter hond may be adjusted or filters inserted to prod 
response characteristics required. 

41 Record Reproducing Facilities. ‘Transcribed programs 
originate in studios located separately from those in which reco 
done, Tt is quite evident that, if full advantage is to be taket 
high-quality program material recorded on disk records, the tram 
or reproducing equipment must also be of the precision type. 
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turntable is generally driven by a high-torque 
ion-mounted within the console or cabinet. The 
or shalt ibly coupled to the main turntable spindle. "Speed 
mn is reduced to a very small value for both rotational speeds of 
and 78 r.p.m. by means of flywheel inertia and a mechanical filter 
drive shaft. : 
Kyecd reduction of the RCA type 70C turntable is accomplished by 
of « heavy-duty ball-bearing speed-reduction mechanism operated 
{button located at the rim of the turntable disk. Noise and vibra- 
pickup is kept at a minimum by cushion-mounting the motor and 
dle housing and cushioning the suspension ar i 
ial consideration is generally given to the design of a satisfactory 
‘arm and reproducer head for high-fidelity reproduction, ‘The 
gmducer head must be light in weight and in pressure on the groove 
the disk. Normally the pressure exerted by the diamond point stylus 
measured by means of a spring balance or postal scale should not 
A more desirable weight is less than 114 oz. A lightweight 
» and reproducer head assists in the reduction of record hiss or 
SS acies ama ala the eedustion oF high frequencies especially near 
center of the disk. Lightness also assists in securing more playbacks 
mia record since a lateral reproducer having a stylus which operates 
stiff or having too great a pressure on the disk tends to erase the 
frequencies from the record groove. F : 
al reproducer heads generally utilize clectrodynamic_ or 
principles as electric erators to convert mechanical 
supplied by the grooye modulation through the stylus assembly 
the electrical generator clement. 
The RCA MI-4856 reproducer (Fig. 42a) is equipped with a permanent 
ond point, the radius of which corresponds to the 0.0023-in. standard for 
non-abrasive high-fidelity records. The atmature is of tho 
Lreod type. The two upper air gaps are filled with non-magnetic 
nd are inactive. A linkage having a 6:1 leverage ratio is pro- 
co the armature impedance is too high to be directly coupled to the 
@ groove through the stylus. A diamond point is secured in the lower 
of an extremely vot-arm spring supported vertically but rigid 
The pivot arm is thus permitted to rise without lifting the entire 
Tn the direction of useful motion transmitted to the armature the 
has « minimum of compliance with a resultant cutoff of about 9,000 
peak is reduced by means of a block of londed rubber arranged as a 
approximately adjusted for the resonant frequency. 
sated within the tone arm is generally connected across 
broadly with the inductance, increasing the response 
Tz the upper frequency range. An equalizer 'may be placed directly 
©ntput of the pickup head to compensate for losses in the record 


type of lateral disk-record pickup head utilizes a bimorph 
under torsional strain to convert mechanical modulations of the 
Erove into electrical waves. The sapphire stylus used with this 


Hey, “er is sot in a small screw which fits the thread of a hollow magnesium 


The motion of the chuck is converted into a torsional strain in a 
This in turn conveys a twisting force to the bimorph crystal 
ically within a compartment. The e.m.f. produced at the 

erystal is developed from the twisting force produced by 
attachment mechanism. ers i i 
pe of reproducer head is normally rather light in weight, resulting 

US pressure of approximately 1 oz. on the disk. It may be used for 
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reproducing either constant-amplitude or constant-velocity recordin 
type of electrical compensating network required being dependent up 
particular characteristics of the recordings. 


43. Wire Lines. We telephone systems are employed almost exclu- 
ely for the nationai distribution’ of programs to the various stations 


acount said a hnxaen y frequency band which is transmitted over long-distance program 
ot the lower Requests tr pon a Uc The Ws comics na sont 100 eels to abt 5,000 eles frat 
é ing cl NEerietio lak: seareneiel 55 belowrithe coal h improves elity a wider ban an the above is desirable 
# sloping clei tate ie the: respanee rye below the aa He circuits are at present available which extend the band down ts 
"20F7 sis) «cally in the recording or 50 cycles and extend the higher range by 2,000 or 3,000 cycles. 
sof TTT TT Tonos cally in the recording m trans st be designed to handle wide ranges of 
0 HTS gre Work. ‘The undesirable . At present the volume range is limited to some 25 or 30 db, 
Hf hiss is, another Ee p about +8 VU down to about —22 VU. Obviously, since the 
2 I 6 overcome foraiial ic range of a symphony orchestra is about 60 db, the wire-line 
3 i ording and reproducin suit necessitates some compression of the dynamic range especially 

3 Lire cna Jong network cireuits, ‘eh ‘ ARI 
6 i caused by the tum 4, Standardization of Transmitting Levels. To obtain optimum 
iLL CUI fading Chron ne MMMEEEEeditions {rom the standpoint of noise and cross talk, it is desirable to 

ate ete. 


Po ceprootacem 


In the RCANBOO, masmit program material into loops at as high volumes as practicabl 


fi I ithe? sanhlina’ : jone-company experience has demonstrated that in general +8 V 
ee fyztem, reoording ana shout the highest volume of program material that can be tolerated 
Frequency. cyl per second panasted to offact chara #locxl cable plant of the kind in which broadcasting loops are routed, 
See Herz Oo hecountle rece ing shee of each other and ¢hualaia the standpoint of interference to other circuits. In view of these 


rode ; therefore, +8 VU (--14 VU output of amplifier followed by a 
Mealy aie equal p pad) shall be the standard volume level for transmitting to loops 
igi : , reer I telephone cables. This isolating pad is for the purpose of 
orignal sound. Below 100: cyeles, the charsoteristo. of ting the amplifier from the telephone eompany leops. 
system is made constant velocity by electric means. This tends - 
preemphasis to the low frequencies. ‘Then it rises from. 100 to 500) nea anin 


on a constant amplitude basis in accordance with the mechani 
electrical characteristics of the cutter. 45. Audio-frequency Equipment. The process of transferring pro- 
s from the main control room of the studios to the broadcast trans- 


high frequencies. 


200hms — 2000hms z is lly accompanied by a considerable reduction in 
wa program signal level. Attenuation caused by the wire line upon 
R sd ided that caused by the line equalizer lowers the s inal intact 
25, lich as 25 db. A line equalizer e« ts of a specially designed net- 
MI4A856, 5 # g ey yy 4 
Increase G, Sape ‘containing correctly proportioned values of L, Re and C.  Irregulari- 
weaborence 1G:0but Cob it the wire-line frequency characteristics are smoothed out by 
high = 


&qualizer to produce a uniform frequency response of the wire line 
Ts, “ide a range as practicable. : PS 
y.increase the level of the incoming signals to a sufficient, intensity 


se frequencies Switch closed for new. 


Standard orthacoustic 
recordings. Switch open 


a first tube of the speech amplifier of a broadcasting trans- 

Sey ff, « line amplifier is required. ‘This amplifier is usually of a high- 

This condenser normally ity limiting type having sufficient gain to raise the audio program 

‘ocatecl within the to a level of approximately +15 VU, At this level it onters the 
MI4856 fone arm 


‘ech-amplifier stage. The line equalizers, line amplifers, variable 
[itators, volume indicators, monitoring amplifiers, microphone for 
i local announcements, together with their switching equipment 

* panels, are normally mounted on racks in a shielded room 
the control room. The Iding consists of an outside-grounded 


Vic. 45.—Compensation filter for Orthacoustic reproducer. 


Above 500 cycles a preemphasis above a constant velocity i= 

to the high frequencies especially over the noise frequency range. 
The necessary characteristic for reproduction is the inverse 8e1 ing within it a floating copper screen. 

curve, or kig. 44, secured by electrical and mechanical means, és Limiting Amplifier. A special type of amplifier normally used in 

hese of the transcription head itself (see Reproducer or *Peech-input layout at the broadcasting transmitter is of the com- 

Seen ee over-all response curve is produced which is flat @ ibe, 4B» Wire Line Systems for National Broadcasting, Prov. 1.R.B., 17, 1998, 
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i imiti v1 ia ampli Senin jlifier has an output of +29 VU with 18 VU compression. | The 

pressing or limiting type, ‘This amplifier automatically ¢. ami has put of y 

channel gain whenever the program peaks become es Ce ponse is flat within +1 db from 30 to 10,000 eps. 


‘Thus it tends to prevent overmodulation, As a result, distor 
to transmitter overmodulation can be avoided while at the sq 
the average modulation can be raised with n corresponding aud 
gain at the receiver. ‘This is noticeable especially at low 
program material where background noise may become objectig 
By rectifying a small portion of the program signal outp 

voltage control is provided on a program signal amplif T 
does not just cut off the program peaks, but it reduces the gain 
allows it to again rise slowly to normal. 


Program monitoring facilities are a very essential part of broad- 
station equipment. In broadeasting technique, program monitor 
y refers to & monitoring check on the audio signal input to the 
amitter, whereas program monitor radio refers to a check on the 

pdulated signal secured by rectification of the carrier envelope as 
piuced at the broadcast transmitter output. By switching from the 

signal to that produced by rectification of the modulated trans- 
er carrier, the station personnel ean determine by listening tests and 
memonts the relative amount of distortion produced in the broad- 
Mies sling station equipment, For monitoring the outgoing program the 
i onic! normally listens to the program monitor radio as produced 
demodulation of the signal at the antenna system. This ensures that, 
portions of the audio and radio transmitting equipment, as well as 
antenna system, are functioning. This is indicated by monitoring 
peakers or oscillographs. 
ities for program monitoring are provided in a room suitably 
iuucted and acoustically treated to provide n favorable place for 
ning tosts in the judgment of quality. This may be either the 
mitter room itself or an adjoining room called the control room 
Tamrolanginer 3 
Fol aap 936 836 836 836 


Z Antenna 
‘Single mult ckup 
meker opp spin? 
eevee for — 


we 


functions 


rT 


Fie. 46,—Simplified schematic diagram of RCA 9GA limiting amp 


ee 
The signal voltage is amplified and then rectified in a diode w ; J B 

that © variable d-o. bias voltage appears across a resistor in series eee é 

hius voltage to the grids of the first stage of the amplifier. With and i remote j Carrier 
nal, the bias becomes more negative and the output of the sty antenna 


220uAC — onrelay 
roduced. Th jon does not occur, however, until the aud a meter 
applied to the control tube exceeds the fixed bias of thi Fra. 47.—Antenna monitoring rectifier circuit. 
A potentiometer across the secondary of the input, transforme A the . i its 3 : 
as a variable-input control from which the corresponding input level th, {Peech input is normally located, ‘The equipment for moni- 
the compression takes effect is varied. | Owing to the high au of thd  ‘udio signal consists of high-quality audio amplifiers, the gain 
(58 db), the beginning of the compression may be as low as. ~40 Wi \ can be regulated for proper signal volume; high-quality loud- 
gisebas ole auoalind {or aa usesuent OE Satie et the ampli ness snd oad arene equipment, The frequency response 
ntiometer input of the second amplifier stage. ’ system should be flat over a range of between 30 to 12,000 
this sontrol the output level can be set anywhere within the range of ; Additional to this equipment for program monitoring 
‘To compress sudden peaks of the program wave, the control cir i ned monitoring rectifier capable of demodulating the 
function very quickly. The time constant of the cireuits involved S picked up at either the output tank cireuit of the radio 
that the reduction in gain occurs in 0.001 sec. To prevent the. at the antenna, preferably the latter. 
fluctuating at low audio or syllabic frequencies, there is a slow 
delay provided to allow the compression voltage appl 


i nae, cage 7 of two types of antenna monitoring rectifiers, shown 
arid of the tubos in tho fist stage to leak off slowly and ret the Hifcrs aro equipped ath Cine ats Bull types, respectively. 
to normal in about 7 soc. ‘This delay has been sct Bettonns curront note leeo's a Sora 

vent introduction of distortior or destroy speech infleeti® ‘* current-meter rectifier, to close a carrier-on relay or time- 


818 THE RADIO ENGINEERING HANDBOOK 


outage clock relay as well as the monitoring signal for oscillograph 
speaker. In coupling such rectifiers as shown to an antenna cire 


0 Pick 
eae 


IB Signal for transmitter 
S_ foam monitoring 


$$ Fo remote antenna 


‘ meter time our 
WOv’ \ Olut Hispihinrte 
60~ 0002uF 

Ac 


Fie. 48.—Pusl 


cautions are usually taken to prevent the generation of even and) 
harmonies into the antenna circuit as produced by rectification. 
certain conditions such 
generation and radiation 
antenna system may ered 
ference on the harmonic 
cies. For this reason, 
type when induetivel 


pull antenna monitoring rectifier. 


$ 609) shigh current point of the: 
Ss system has considerable 

B cog over single-ended types i 
& even harmonics are 


pronounced, 


2 400} For rectifying the env 
$ carrier wave to secure & 
= sod loud-speaker monitoring 
a modulation measurements) 
a oscillograph, it is essenti 
200} linearity charactori 

$ monitoring rectifier b@ 
$ ool ¥ the impressed voltage am 


current is substantit 
throughout the oper 
The unit must also have 


[setae StacharotratcRCASVAG hte 


SD Pe ee frequency-response chi 
, Fee eas to provide reproduction. 
Fro. 49.—Characteristics of monitoring jaf without frequency a 
rectifier. (ip refers to total plate current Diode rectifier tubes 

‘ob two tubes) tensively for monitoring 
phone signals. As an individual clement of the monitoring rectifiers 


he anode voltage is increased. The selection of diode tubes having low 
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js pot a linear device since the internal resis 


ance of the diode decreases 


p and the introduction of sufficient resistance in the plate 
juired in the design of a monitoring rectifier of satisfactory linear 
teristics. Linearity may be further improved by application of a 

positive bias in the plate circuit so that the diode draws steady plate 
nt over the most non-linear lower portions of the curves. In Fig. 49 
edosign features are illustrated for a SVG diode, which is a particularly 
di type for monitoring rectifier use due to its low internal voltage drop. 

‘of higher inverse peak voltage are often required for rectifiers of higher 


Fi. 50,—Cireuit of frequency monitor. 


® handling characteristics and to withstand voltage surges (such as those 
4 by lightning) from an antenna circuit. 

tage distortion of a rectifier may be approximately calculated 

nic characteristic by using a similar formula to that used in 

Hating percentage distortion of threo-element tubes as audio amplifiers. 


Frequency Monitor. ‘This instrument is required at a radio broad. 
nig station for the purpose of measuring the carrier frequency 
eon of the transmitter. ‘The FCC rules under Sec. 3.59 state that 
=Perating frequency of each broadcasting station shall be maintained 
0 cycles of the assigned frequency until Jan. 1, 1940; thereafter 
ben of each new station or each station where the new transmit- 
autlled shall be maintained within 20 eyeles of assigned frequeney; 
mgt Jan. 1, 1942, the frequeney of all stations shall be maintaine 
20 cycles of the assigned frequency. Under See. 3.60 (FCC rules) 
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the frequency monitor is subject_to FOC" approval and must qoferring to Fig, 51 illustrating circuits of a modulation monitor, the 
stability and accuracy of at least 5 p.p.m, jalated r-f signal to be monitored impressed across diode tube 1-V is thus 
‘The frequency monitor type BX 4180 (Fig. 60) is an approvedila . ‘The resultant rectified pulsating d.c. flows in diode load resistor 
operates within the limits specified. The instrument contains a Se See Nee OC ai Se Intel Ol Sse eee meter.” This 
standard oscillator utilizing an accurate quarts crystal together popor a ee comp 


8 ‘ ine an neen eel One tage aeross this load resistor excites two indicating devices* (1) the 
27 tubo operating in a special circuit having exooliont frequentyy fur Mz calibrated to read modulation percentage and decibels directly 


This precision oscillator drives a 24 buffer amplifier stage with very e 4 ; Re Reon patcena Leiba da Se 
sougtine eteresn them. ne output of the buffer is coupled to the At ate and er circuit for providing a warning when the deg) 
a power detector stage. A few watts of r-f carrier energy, picked up i e PRN i Me 
broadcasting transmitior at some stage below the ono modulated, fg bo modulation indicating meter is excited in the following manner: The 
vely coupled to the mixing potentiometer connected to the grid Nee ee ee UT me tate. ey, bao ae. Aeounaee Uy, tale: Pogo ©? 
eer P lode detector tube and charges condenser Cs. The volinge ac 
Inasmuch as the standard crystal osvillator stage is adjusted ie 2 raeeepee cee ae Ser ol Ue 6 ae aes VOTE 
uency 500 cycles from the carrier frequency of the transmitter, th | agp TF 3 Ur Neder curt tea) nal 
c3 oar! ne ate nts are made such in this instrument that the a-f peaks on the r-f 
eval it ies otncares Cate a COer ci tens ctay chs Coma are us indicated by meter Ms. ‘The neon flasher is operated by th 
by a 47 stage to a sufficient lovel to operate an indicating frequeney tubo, an 885, which is in turn driven from the first 76 tube under tho 
paudio component from the tube 1-V that is used for operating the indi~ 
lor meter system, If desired, the instrument may be used to operate an 
iliary alarm when the modulation peaks rise to an excessive value 
Modulation indicators are usually calibrated by means of a pure sine wave 
ulating signal applied to an accurate eathode-ray oscillograph and checked 
miust the indicator. The frequency response must necessarily be flat over 
audio range used to ensure accuracy of measurement over the range. 
According to Sec. 3.55 of the FCC rules, wlicense of a broadeast station 
not be authorized to operate a transmitter unless it is eapable of delivering 
y the authorized power with a modulation of at least 85 per cent, 
ansmitter is operated with 85 per cent modulation, not over 
per cont combined a-f harmonies shall be generated. Under Sec. 3.46 
HCC rules) design recommendations call for the total af distortion from 
hone terminals, including microphone amplifier, to antenna output 
not exceed 5’ per cent harmonics (voltage measurements) when 
ing from. 0 to $4 per cent and not over 7.5 per cent harmonies (voltage 
urements of arithmetic sum) when modulating 85 to 95 per cent (distor 
shall be measured with modulating frequencies of 50, 100, 400, 1,000, 
Hand 7,500 cycles up to the tenth harmonic or 16,000 eycles or’ any 
tte frequency that readings on these frequencies indicate is 
le). 
The Sberating percentage of modulation of all stations is normally main. 
‘This meter, indicating directly any froqiionoy from 450 to 560 oy Mh, Wish as is possibly consistent with good quality transmission and 
seale calibrated from 0 to —50 cycles and to +50 cycles. wid tl re h 
ment calibrated exactly from an approved measuring station, the tran 
when operating on exactly its aselgned frequency, will cause tl RADIO BROADCASTING TRANSMITTERS 
read zero deviation. A negative or positive drift of the carrier is Hoduction of a broade 
by direct reading of the instrument. The electrical elements and ING spoech and 
of the oscillator, amplifier, and detector stages are contained in # @ BU he pene ap. eraninn vhioh there aro 
temperature cabinet at about 50°C. Contained within this al frig je weneration of a constant r-f carrier upon which there arc 
another containing the quartz crystal which is kept at a constant tempt Posed audio frequencies, the intensities of which conform as 
of about 60°C. HY 8 possible with those contained in the sound produced in the 


4 . estion Bie ortho FOC. i The producti sh a fig 7 Be gooomplishad ‘by’ 

49. Modulation Monitor, | Seetion 8.55 of the FCC rules requ he production of, such a signal may be accomplished by 
each broadeasting station shall have an approved modulation me Re eNOR sae: A hea ae 
operation at the transmitter to measure the degree of modulati® is inget Beaten ete Sate Paleo er Shh 


transmitter and for furnishing instant warning when the dé £6 1.600 ke. The Maivartaie leh ac fopeansniedon-in titerband 


ROT CRON sioncsae al Pelaetat RL inna BIG» Mir gp’ 2¢ production of a modulation envelope containing but a single 
as Promulgated by, Fedral. Con ications Commigsion, Bevan aide | nds, thus permitting station channel separation of 10 ke, 
Press Building, Washington, D.C. Also for sale by Superintendent ol he 2 eee ee 
U.S. Government Printing Office, Washington, D. C. Doce: Soe fi elas de, Phase and Frequency Modulati 


sting signal that will afford a means for con= 
¢ to the receiving set of a broadcast listener 
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Compared to the a-m system, the phase and frequency me! 
modulation produce an infinite number of side bands, It is evid 
greater channel separation is needed and for this reason f-m stati 
been assigned to the u-h-f part of the spectrum, 


‘The primary requisites of a radio transmitter satisfactory to operate 
the present rules of the FCC for producing radio broadcasting si 
as follows: 

1. Satisfestory carrier frequency stability well within the sllowal 
tolerance of +20 eps maximum deviation. 

2. Amplitude and frequency characteristics providing low over-all 
distortion. 

3. Suitable safety: devices to avoid hazards to operating perso 
electrical circuits and equipment complying with the National Electries 

‘4. Minimum carrier noise level, approved electrical metering fi 
minimum rf harmonic frequency power output; and freedom from 
frequency emissions. 

5. Low operating costs requiring an over-all high operating efficient 
respect to power input, low approved power tube operating expen 
low expenses for operating personnel 

6. Durability, simplification of adjustment, and maintenance ( 
accessibility for repairs). 

7. Reliability of service providing for continuous operation with 
num! of interruptions at rated carrier power output, modulated withil 
limits. 

8, Satisfactory dimensions for given power output providing for mi 
installation and building costs. 

9. Low initial transmitter and installation costs. 

10. A pleasing appearance. 

‘A recent trend is toward transmitters having high-level modulat 
high-efficiency linear power amplifiers for the purpose of producing the 
high-quality broadcasting signal with a minimum of operating exper 


60, Typical Transmitting Equipment. In Fig. 5 
simplified diagram of a radio broadcasting transmitter of recent 
rated at 5-kw carrier power output, It is commercially known 
RCA type 5 DX, 


‘The emitted carrier frequency of this radi c 
within a tolerance of +20 cycles by a o ntrolled oscillator 
The present FCC regulations provide for a frequency deviation of not 
than +20 cycles for all newly licensed stations and, effective J 
for all broadcast stations is accomplished through the dev 
‘of V-cut quartz erystals having a temperature coefficient of about I 
1,000,000 per degree centig ade. The mounting of the erystal is sum 
by a heater in close thermal contact with the bime' 
cHects of changes in the ambient temperature are thus compensa 
the crystal is maintained at constant temperature, There is no 
circuit associated with the crystal input circuit. Thus it is, eff 

lectron coupled” to the output. A small trimmer eap is 
in shunt with the crystal to adjust it to “zero beat” or e: 
carrier frequency. 

‘Two crystal oscillator units are provided, one. being a spare, which 
switched into use instantaneously. ‘The output power of the crystal 
in use is amplified to the full 5-kw carrier output by a single 80: 
intermediate stage utilizing an 805 tube to drive the push-pull 805 
mediate power amplifier stage. ‘This drives the 892R power amplifier 
The modulated power amplifier is adjusted for plate-modulated el 
operation. The output of the power-amplifier stage is normally 


ison 


Trani 


RADIO BROADCASTING 


23036 60~ 


supply 


Fic. 52.—Simplified diagram of 5-kw broadcast transmitter. 
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to the antenna by means of a concentric or four-wire open transm| 

through network cireuits reducing r-f harmonic content to.» very BE s 3 y 
The transmitter utilizes high-level modulation, #.0., the S05 Ip fF 8B Se 

plate-modulated by & push-pull stage containing two S0LR tum 38 58 $5 

modulator, tubes are biased for class B audio operation for the p RE Se SS 

socuring high efficiency, The modulator is coupled by means of SoS gs 


lation transformer to the plate supply voltage of the modulated 
The modulator tubes are driven through an input transformer by § 
operated push-pull as class A audio ampl The 807 and 1 
are also operated as class A audio amplifier 

Elaborate precautions have been talen in the design of the audi 
to control the phase rotation with re he frequency ohj = 
in those circuits to which degenerative feedback has been appl = 
circuit elements, especially the audio transformers, must have a ml 
of phase shift over the a-f range to realize advantages from the app 
of degenerative feedback. As illustrated in Fig. 52, a potentiomoters 
the primary of the modulation transformer provides a signal volts 
introduced out of phase into the input of the audio system. Hum 
generated in the r-f power amplifier appears across the modulation tris 
and is thus also introduced out of phase to the speech amplifier inpitty, 
fore, with regeneration, the over-all carrier noise leyel is very low. 
ments indicate this to be 65 to 70 db below the signal level of 100 p 
modulation. The amplitude distortion is maintained by this syaté 
below 3 per cent r.m.s. over the a-f range of between 30 to 10,0 
the over-all frequency response of this transmitter is substantil 
within 1 db over this audio rangi 

Features of this transmitter which merit consideration are its 8 
brought about through the use of a-c filament supply for all tub 
climinating filament motor-generator sets. This points toward a coi 


4 


Antenna 


‘ammeter ~ 


| 


efficiency 


rh 


Aigh 
power amplifier 


Doherty, 


saving in power and vacuum-tube operating costs as well as on tra 
space requirements and initial installation costs, Reduction of carrie 
level of this transmitter to an extremely low level is accomplished throug 


use of indirectly heated cathodes of tubes in the low-level stages and fl Bee 
of degenerative feedback. The transmitter requires no water-cool BS rn 
since all power tubes are air-cooled. N RS 
A very small portion of the modulated r-f power produced by the 8 S8y 
amplifier is introduced with proper phase rotation into the first aul Bes Qsg 
of the transmitter to reduce carrier hum and noise. Design features gee 38 > 
as x 8g 


Fic. 53.—Western Electric 5-kw transmitter. 


Kigure 53 illustrates a simpli 
transmitter. The modulation systen 
Jation applied to the Westorn Electri 

Tn vi 


Buffers 


The valuo of r-m-s af harmonic distortidl 
the range from 40 to 5,000 eps is less than 2 per cent per cent # 
Jation and less than 3 per cent at 100 per cent modulation. ‘The r=ilas 
tovel is normally 60 db below a signal produced by a 100 per cent nt 
carrier, The frequency response is flat within 1 db from 30 to 10,000 
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B Linear R-f Amplifiers, The operation of a push-pull 

1 amplifier may be understood by a study of Fig, 54. Here tt is 
B ival plate current drawn by the tubes is very closely. a linear 
jon of the grid-voltage swing. “The associated output-circuit loading 
Had so as to realize from the tube n maximum conversion efficiency 
howing how plate-current efficiency varies with effective 


The over-all efficiency is about 151g kw for carrier only, 16 kw 
average program, and 19.5 kw for 100 per cent modulation from q. 
sinusoidal frequency. 


51, International Broadcasting. Transmitters for this set 
operated at, high frequencies and for this reason are considerably dif sql jus 
in design from transmitters operated in the 550-ke to 1,600+ke ourves 6 
‘They are used with directive antennas having a power gain of 10 ory 
and have carrier powers up to 50 kw 100 per cent modulated. | 


THE R-F CIRCUITS 


6%, Radio-frequency Amplifier Neutralization. One of the « 
adjustments in an rf amplifier circuit to obtain. stability and p 
sel'-oscillation is accomplished through neutralizing the elee 
capacitance of the grid-to-plate electrodes in the triode power 


Actual plate current 
jf tortubeA 


Resiiltant aver 
plate current fed to 
tank circuit is 
reproduction of 
grid voltage wave 


For the purpose of neutralizing an amplifier stage such as the x 
shown in ae, 63, fiat Plate volt from it and apply noma i 
excitation to the grid ci ‘Tune the grid circuit to resonance in te 
manner. Next connect a low-power (5- to 10-watt) high-resistange Actual plate 
across one or two turns of the plate tank inductance, ‘The lends to thel current 
should be vory short and provided with clips for convenience. Next t S, for tube B 
plate tank circuit to resonance with the grid exciting voltage frequen 
inadionted by maximu 2 h ; e fam. ae is a be nota voltage wave 
circulating current in the plate tank circuit which lights this lamp ind . ; 
coupling eifect of the grid-plate capacitance of the tube. = Bias (optimum) 4s ; 

The neutralizing voltage of opposite polarity is obtained by conn ‘Theoretical curves showing push-pull class B r-f amplifier operation, 
to the opposite end of the grid or plate tank circuits, as the ease 
The magnitude of the voltage used to neutralize the grid-plate 
current is regulated now by adjusting a neutral’zing condenser. 
noutralizing condenser is varied, the lamp will change brilliancy, am 
correct balance is obtained, the lamp will be at practically sero brill 
As neutralizing capacitance is changed, some slight corrections it 
tank tuning and in grid tuning may be necessary, due to interactions al 
two cirenits. Always tune to resonance by maximum lamp brillianey 
neutralize for minimum brillianey. 

When best results are obtained by the lamp method, remove it f 
plate coil, and, if more accurate adjustment, is required, a low rat 
ammeter should be inserted in series with the tank circuit. By 
meter, maximum accuracy is obtained by tuning the circuit to obtain 
minimum current, 

Since the effect of coupling between successive stages greatly all 
neutralizing, the adjustment should be made with all: circuit condition 


B 30 
Soupings ae nestiy: 2 53000 5000 7000 9000 1000 13900 15000 17000 19000 
he power-ampl : Z, 
neutralizing system. i ctive inductance shunt 22 ohms 
interelectrovle grid-to-plate eupucity of the power tube. Suitable de Ble Ip 
capacitors are provided to prevent the plate voltage from reaching Hielio oukvos of ew ; 2 t ifier tubes. 
through this neutralizing inductance,” 55.—Tond characteristic curves of two RCA 892 power amplifier ( 
Neutralizing adjustments with this shunt inductance may be accomap dng? Pedance are shown in Fig. 55. ‘The crest position on these curves 


with a high resistance lamp or thermo-milliammeter attached to the Of ends in id the power factor of the circuit 
s high res t ‘ on the tube characteristics and the power factor 

tank circuit in much the same manner as was deseribed for capacitor nel Be ee ee Even pore token at. w Pronddoaat 
gation except that neutralization is accomplished by adjustment of th BY yy ec 2 tcirentt of a linear amphi 
ind ‘ it " z ining @ Y by varying the load upon the output cireuit of a linear amp 
inductance, ‘This system has great advantages over the neutralising Be an, ying jeney of the stage at Various’ d-c plate 
tor method especially where it is desirable to keep circuit tank capa go, Measuring the efficiency of the stage at ‘ 

the corresponding kva/kw ratio to a low value. ‘This is the cas@ Und, 8. oe ty ae ‘ : ak 
stabilized degenerative feedback is applied through an amplifier stage the’ £onditions where the conversion efficiency is a linear function 
minimum phase rotation with frequency is required. © grid swing, the power output is necessarily proportional to the 
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square of the grid swing. Hence the peak power output at ho amplifier cireuit, (Fig. 56) has been divided in block form into individual 
cent modulation is four times that at which the modulation Voltages at points in the cireuit are as Indioated, by xin bale Hy Bn 
The steady power output under conditions of sustained 100 » Bs, and Eo. | The exciting voltage E- passes into Lancer ae Sy poe 
modulation is 1.5 times the output of zero modulation, : to a negative 90-deg. phase-shifting circuit, thus transforming it to the 
seth restepute nebo abi lea andy k aah ne, ‘ or amplitude for grid oxeitation of the carrier amplifier tube... This grid 
considering power-tube requirements for a class B linear-umplifiers te #1 is amplified by the carrier tube, the a-< componenta ‘of plato 
provision must be made with respect to filament emission and : 


ogi " becoming #1 (180 deg. out of phase with #:). ‘The output voltage #1 
dissipation so that the tubes are capuble of supplying peak power pessing through the impedance-inverting network shown has its phise 


of four times that of the nominal carrier-power output rating dod an additional 90 deg. at the output of the network. Therefore, in 
transmitter, This assumes that the modulation capability ie 
transmitter is 100 per cent. sf 


In adjusting a push-pull linear amplifier, both sides of the cireuil 


necessarily have ve ly identical operating conditions with fy m 
avid swing and cireuit adjustment, so that equal plate currents are ia 
on. the individual tubes identified as A and B in Fig. 54. The ae Ei 
adjustment depends necessarily directly upon the plate voltage used - bw? 
position of the characteristic curve is moved with each corresponding toad 
in plate voltage. J 
As illustrated in Fig. 54, with a simple triangular wave form, then ae 
determining optimum grid bias depends upon the point where an ¢ 5 a Be Se mor pee 
of the straight portion of the curve intersects the horizontal axis: 56.—Block diagram of high-effi- Fra. 57.—Phase relations in high- 
dynamic curves of tubes A and B have their straight portions in ciency power amplifier. efficiency amplifier, 
alignment. Distortion due to the lower bend in each cliaracteristic @ om 
averaged out together with the kva/kw inertia effect in the outpu Amplified current and voltage envelopes 


cuit. On the other hand, it is illustrated in the curves that, for m 
modulation ith output increasing as the excitation voltage is ine 
there is a limit to the output as represented by the upper bends, 
and Sz, on the curves where the tube saturation points begin. 
Linearity is therefore dependent upon grid bias, grid-exciting volta 
output-tank loading. The procedure for setting taps for correct out 
loading consists of first saturating the grids of the amplifier tub 
sufficient r-f grid driving power. Then with one-half normal, elass: 
‘ating plate voltage applied, the amplifier is loaded until it deli 
‘ier power normally to the antennu, the plate efficiency bein 
between 65 to 70 per cent. Then the grid-exciting voltage is reduce 
by moans of grid-loading resistors) unl the amplifier stage with 
voltage applied delivers the same rated carrier output with @ corre 
plate efficiency of very nearly 35 per cent. ‘This is the 
class B r-f amplifier as specified by 
mination of carrier output power by the indirect method. Under thi 
ion the plate efficiency for plate-modulated class © r-f oporation | 
last radio stage as measured by the indirect method is 70 per cent toy ira y 
mitters having earrier power output up to 1 kw and 80 per cent for Excilingem# 


Fic, 58.—Amplifier operating characteristics. 


Loc 


oc 
i 


Raji, (hough 860 dog, in this path, the resultant Hy, is jn phase with the 
ff Voltage #.. In the lower branch of the circuit the 180-deg. phase 
f. passing through the grid network and the phase reversal 
iency ranges fi sing through the peak amplifier tube results in a correct phase 
; and modulaaae ad. The phase shifts may be further clarified by the vector 
57, where the output voltage produced by both the carrier and 
illustrated as acting in phase to produce My at the load, 
illustrates in graphical form the thooretical individual and vom- 


ration of the earrier and peak tube branches of the power amplifier 

tioh duced by a modulated r-f exciting voltage (assuming sinusoidal 

ie v2} {ct voltage with modulation). Tor the carrier amplifier tube the 
vol 


At thi 


jy ltaxe rises very nearly linearly over the region 0 to A, flattening 
point due to saturation; beyond this point any increase in grid- 
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exciting voltage for this tube produces practically no further ine terature.! In the application of degenerative feedback to the 


plate voltag Th rier amplifier tube plate current on the oth ‘i it is evide inciples as applied to audio 
rises quite linearly from O to B. Thus from 0 to A the operation, ig. 52) it is evident that the principles as applied to 


similar to that of a class B r-f linear amplifier operating into a load fers also apply to the circuits shown. eee 

of constant value; whereas from A to B there ie a Dkr sive reduct A ation of feedback to radio transmitters is, in general, more 
plate impedance under influence of positive delivery of power from # plex than when applied to amplifiers. ‘Theory shows that, if a 
amplifier tube on upward modulation swing, as Observed through the) of the output of an amplifier or radio transmitter is fed back to 
ance-inverting network and the plate-current rises, ‘The plate vol input and combined with the input signal in reverse phase, the 
peak amplifier tube rises linearly from O to B, where the curv tive gain is reduced. However, if the signal fed back contains 
because of saturation. This tube is biased to 2 point where little yp ise and distortion components not’ present in the input signal, these 
power is delivered for grid-oxciting voltages below carrier ampliq ponents will be amplified by the full gain of the amplifier and, in 


However, owing to coupling to the carrier amplifier tube out it i i 
4 : ee throws ths oe : ore vere picked up, 
through the impedan ting network, « voltage exists in its pla Jing through the system to the point where they were picked up 


during this idle stage for the tube. Therefore, a linear variation lize the distortion and noise in the system perce 
voltage for the carrier amplifier tube between O und / 1 y 180 deg. out of phase with the input 
linear voltage variation between 0 and A in the plate i and the phase shift through the system is small over the range of 
amplifier tube because it is in parallel with the load. Owing to gri distortion frequencies. Under such conditions the distortion will 
conditions with respect to the excitation voltage for the peak amplifi reduced in amplitude by the amount of gain reduction. 
appreciable plate-current flow begins, when exciting voltage In operating a transmitter with feedback the over-all gain of the 
mplitude greater than that necessary for an unmodulated carrier 60m q 2 Le tebabed by tha pmnouas of tosiinek: teed Sopecianle, 
Over the region A to B, plate current rises very nearly linearly to Set FonTLCH fates coloend andthe feedbacks voltage teresioved 
at B. It is evident that, at the erest of the modulation ¢ 90 dh of feedback is employed and the feed dt tno bok ad 
to B both the carrier and peak amplifier branches are dolivering eq ddenly by some fault, the program input will be 30 db too high, and 
outputs in phaso to the load. djustment of the program input level must be made instantaneously 
Adjustments required for satisfactory operation of the high-efficiendy prevent overloading. In the transmitter of Fig. 53 the feedback 
amplifier consist, of correct neutralization of the interelectrode tube tage is secured by rectifying a small portion of the power output of 
correct grid binsing of the carrier and peak amplifier tubes, adjustim ower amplifier unit by means of a feedback rectifier designed for 
grid load resistors of both amplifier tubes and their grid and ow bum phase shift. ‘This voltage is introduced into the first speech 
reuits to resonance, as well as obtaining correct phase-inverting if : A H ‘ terial: 
‘ ~ 4. 7 ¢ lifier audio stage together with the audio input signal. 
from the circuits involved. For the purpose of correct loadi 4 cea oe dagciid oletaroamvator# wenclidire 
x into a load, the r-f transmission line should be properly ith the application of degenerative feedback to cascade r-£ amplifiers 
to pormit oporation'of the amplifier into a resistive lewd it ill comes extremely difficult to maintain the phase of the rectified signal 
1 p 4 ; 
that for the purpose of securing the impedance-inverting chat ad up at the output of the transmitter sufficiently close to the 180-deg. 
required, a 90-deg. phase sh Iso secured. All other phi Sition required throughout the entire a-f range.” Unless all networks 
works are utilized to compensate for this undesired phase shift. the entire stem are correctly designed, the kva/kw ratio of 
tion for phase shift must be effective over all useful side-band fi Pf tank circuits are kept to a very low value, and stray capacities are 


and also at the carrier frequenc The 90-deg. phase-shifting eire an act lati e shi gl » fee | 
grid of the carrier amplifier tube and the 180-deg. phase-shifting cire 1, there is an accumulative phase shift through the feedback 


id of the peak amplifier tubo a compel . P wherein the degenerative system is active 
Sid of the peak amplifer tube are utilized for bisesh espe Inder conditions where the voltage fed back to the qudio input of the 

55. Stabilized degenerative feedback as applied to radio-bro i fter passing through the feedback loop is other than 180 de 
transmitters reduces the audio-harmonic distortion ani ase with the input signal, less noise and distortion cancellation 
within the transmitter equipment, thus providing This is especially true under conditions where the phase shift 
formance, Reduction of carrier-noise level may be carri feedback loop becomes less than 90 deg. or more than 270 deg. 

5 db below 100 per cent modulation signal by utilizing a fa auencies where the phase shift approaches zero and 360 deg. from 
feedback, even with a-c applied to the filament of all ta Sa..°' the input signal, stabilizing cireuits are necessary to prevent 
FCC, See. 3.46, recommends that the carrier hum and extrane ‘nt oscillation of the entire transmitter at these frequen: provided, 
(exclusive of microphone and studio noises) level (unweighted Fea that the amplification around the loop is,at least unity. ‘These 
at least 50 db below 100 per cent modulation for the frequenel Mencies are sometimes referred to as those at which the phase “turns 


150 to 5,000 cycles and at least 40 db down outside this range. For the hf turnover point, say around 25 ke, an adjustable 


distortion may be reduced to well below the FCC requireme iting filter may be utili n one of the low-power speech amplifier 
some cases the measured value of r-m-s a-f harmonic distort Ostages. ‘This p s oscillation or singing of the transmitter at 
range 50 to 5,000 cycles is less than 2 per cent at 85 per cent me Particular high a.f. where the condition exists and for this reason is 
and less than 3 per cent at 100 per cent modulation even wit the “anti-sing” cineuit. In addition there may be required a l-f 
efficiency power amplifier unit as a part of the 0 cycles) stabilizi rcuit in one of the low-power audio 


ig phe. application o stabilized degenerative feedbs io audio 4 
is described in another section. A thorough treatment is als eX. H. D., Stabilized Feedback Amplifiers, Bell System Tech. Jour., January, 
Root sum square. 
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S ve cillation a vhi r aplifier. Line BA was chosen for two modulator tubes operating 
tote BOs ee ee Beactrelis plate into an amplifier of 2,000 volts und 150 ma or an effective 
ub costa, 333 ohms. The mean modulator plate current Io is chosen 


By correct proportioning of all constants of the a-f and rf si tance of 13, 


i vabl e dissipation and load line BA drawn in about operating 
associated networks throughout the entire section of the tran rae pauls ier palie S82 Wal ine Sree ces vole 
containing the feedback loop and by application of the s 


i ‘ a 5 id voltage on the other side of the operating point, By taking 
circuits as mentioned together with careful transmitter adjust 


an effective amount of feedback can be normally secured for ean Medulator Cr: Matted ERR 
of noise and distortion, ee a @ 


MODULATION EQUIPMENT 
56. The Speech Amplifier. An audio-amplifier unit employing 
tubes is usually necessary as the preliminary part of the audio s) 
of a transmitter to raise the audio-signal intensity to a sufficient am | 
to swing the grids of the modulator tubes. Resistance couy 1 | 
frequently used in speech-amplifier circuits, In Figs, 52 and § | 
shown simplified circuit connections of typical transmitter - 
amplifie 
Amplitude modulation provides a means for reproducing a 
containing a distortion not exceeding a few per cent with the & 


+Ep 
Fic. 59.—Heising constant-current modulator and equivalent. 


fully modulated. In broadcasting transmitters it can be eff 600 300, BEy TEAL 
either plate or grid modulation. When grid modulation is appli Ben 

power amplifier tube, either by bins-voltage or r-f grid-voltage chi $00 25 | | 

the efficiency of the power amplifier is rather low, ranging from 2 | 

35 per cent. A plate-modulated radio stage operating as a gem S200) 

amplifier has a comparatively high efficiency ranging from 70 to & Leer a | 

cent. This advantage of higher efficiency, however, is offset by De 

cfficieney of the plate modulator unless a class B audio amplifier ey: 

for modulating. ‘Therefore there is not much difference in the EMO Iraq 

tems, in so far as efficiency is concerned, with respect to por ct 

vacuum-tube costs except under conditions where modulating po 0 > 

a class C rf output stage is supplied from a modulator of rath apt A A177 
efficiency. 9 Osa“ “Fenn 25003000 3800 000 4500 5000, 300 


When the power-amplifier stage of the transmitter is plate-modi Es Pateolte Eo Ba 
the setup is called a high-level system of modulation; whereas a tra 10. 60.—Method of determining modulator characteristics. 
modulated in a low-power stage of the transmitter and followed by : 

Hala 2 tee peabives sx the load line, the 
B r-f power amplifier is termed the low-level system of modulation. Be St fete current and volisas Aten end: pointa/of' the oa: 

57. Modulators and Modulated Amplifiers. In Fig. 59 is sho Owing information becomes available: 
constant-current system of modulation due to Heising.! ‘The modi Modulation factor = 24. B# 
and modulated amplifier are connected in parallel with a constan 2Eo 

d modulated amplifi ted in parallel with ti 28 

ce of supply. This is connected to the common plate lead thro maximum plate-voltage swing 
large inductance L, called the modulation choke, minimum plate-voltage swing 
-e plate voltage at opera ; 
The dynamic modulating characteristics can be determined with Pe e (4a In) = 1 
degree of accuracy from the static characteristics of the modulator tub ¥ cent 2nd harmonic distortion = hie 
method illustrated in Fig. 60.1 od amplifier is assumed : : 
pure resistance lond in paraliel with the plate resistance of the mod J, = maximum plate-current # 


° 
i 
Tay X 100 " 


ving 


tubes and both assumed to be supplied with power through a n Je = minimum plate-current swing eC 
choke of infinite impedance. ‘The sum of the instantaneous currents Power ._, Piste current at eee ATTY path FN 
amplifier and modulator in this case is a constant. An approx er output in watts = 14(Ba — En) (ls — 1a) 


made of the number of modulator tubes required to modulate a # . o to Kidelit o de: ated 
amplifier. The plate-current ordinate for a single tube must be mull wy, Design for High Audio Fidelity. In the design of the modulate 


by the number of modulator tubes before the load line Ba ean be plot Rr circuit of the aboye eystem certain elements of the eirouit must 
slope in amperes per volt which depends upon the load resistance pra "perly proportioned to afford a uniform frequen ae 
+ Herero, R. A., Modulation in Radio Telephony, Proc. I.R.E., 9, 305, Aus *pacitance of C; (Fig. 59) should be large enough so that its imp 
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c grid-voltage swing, but, as the grid voltage passes through the 


ance at the lowest frequency to be transmitted is less than one-th positiv ul 
R,, or the plate-dropping resistor. ‘tive half of the vyele and swings negative, the plate current is cut off 
‘The capacitor Cy provides an r-f path from plate to filament yemains so until the grid again swings positive. 
amplifier tube and at the same time breaks the path for the d, Operation of a tube as a cl; B amplifier may be defined as that 
must sle6 break-the path for higher frequoncy: act: current aii Aiur which the plate current for the tube flows for one-half of a grid- 
it to flow through the amplifier tube. It should, therefore, be no oitage cycle. By virtue of a push-pull cireuit arrangement shown 
than necessary to conduct the r-f plate current without producing Fig. 62 it is possible to develop a combined output plate current from 
ae Bs e shift in the plate current under conditions where Cy yes which conforms with the grid-driving voltage throughout the 
than 2C. cle. " . 
Sufficient impedance of the modulation choke over the af AL properly designed class B system permits 2 much highe 


plate 


100, another important factor if ficiency to be secured from a given set of tubes and correspondingly a 
cuit design. Its inne ter output from them than with a class A system. ‘This 
the lowest a.f, should be at} 
two times the effective resi Class A Cass B byte 
load produced by the rf ampl Speech Amplifier Modulator 

oe tube, ‘The choke should be 

% from inh s a =| 

a defects over the frequency & 

2 to maintain a sufficiently: i] 

& sol high impedance at the | 

3 frequencies. 

E 40|— High-quality signal repm | 

2 tion requires that amplitud | i 
tortion should be kept | 

20 minimum. A common eat vy 
amplitude distortion is due fuaia ] 

10 underexcitation of the grid’ Input A. 

0 Se amplifier (ul t 
plate modulation is a » 

OOF) 05 1218 20 2028 32°36 Irn ceenlta in, maul Be +E 


Peak Volts ~ 1 

Fig, 61.—Amplitude curves taken on MiB V0 tae uring pore 
a modulated amplifier. Cus taken eee ae bad ba! 
on stage with sufficient driving power quently peak-outpu n ncy, ~ > pach as high ¢ 
applied to saturate grid. This shows Trouble from this cause sh ey Bes ee anaes ta Seashceesie 
negligible amplitude distortion. Curve up quite clearly upon an £9 OF auc = Me 4 i 
B taken on stage with insufficient grid tude curve or upon An 0 Thasinuch as it is often necessary to drive the grids of class B audio 
excitation to cover positive peaks. Am- graph in the form of choppl plifiers into their positive grid-current region to obtain maximum 
plitude distortion becomes noticeable at Fosttive. peaks. In Fig Power output, it is important that the driver-amplifier stage for the 
: Mesa . Modulator stage should have a good output-voltage regulation, ‘This 


1G, 62,—Class B push-pull modulator 
66.6 per cent with a small 


60 per cent modulation and increases PORNIVE Per a at 
with higher levels, the modulated corrart fk for driver tubes having.» sufficient output eapacity to deliver an 

> grit shich: wa x ati ‘shoe ii Pidistorted voltage to the grids of the class B stage, even though there 
Dear ore ena ren excited toppauman om aR uO R Ce A Hon-uniform inerease of load on the driver stage caused by the class B 


excited in B. Ibis a custom to have available a surplus of driving i r ver sta 3! ! 

ie 08 as ey are ve B ve gi e] cir 

for a modulated amplifier to prevent any possible occurrence of &s us they are driven through the positive grid-current region of their 
mie operating characteristi 


tude distortion, 
FREQUENCY MODULATION SYSTEMS 


“The constant-current or Heising system of plate modulation is 
ignated as a class A system, since the modulator tube performs Bis method af prosram gna traumas by moons of fm, utils 
“uency variation or deviation at the audio rate, the deviation fre- 


conditions similar to those encountered in a class A mone Ct A fre, 
ons : be in a class A system may be . £ 
be Ra tr ea ee ae ep ar eae een ing Mency eing a small percentage of the unmodulated carrier frequeney. 
ting on 42.6 Me and 


under which ihe plate current of the tube does not pass through Assiime the existence of an f-m transmitter ope 
ime ing ri re cle, e the istence of a 1 rans e1 1 i u 

STAT ARORGE abe ce GSTOe oe fides Bal anita wits maximum deviation of 3:75 ka is desired. ‘Then a sustained sine 
I vi prative + 7 a ee it of, say, 1000 cps may be applied to the modulator audio input, the 
Ue ith a negative bias voltage fixed at 2 condition appr BMplituic vt the audio sygnal adjusted to provide ++75 ke deviation. 


late-current cutoff. Therefore plate current of the tube increa: 
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This would result in utilizing the full modulation o 
ransmitter. With a complex program inputs tant d Bein Phas ent ¢, will be ¥ 

at any instant corresponds to the amplitude of the complex sea imme a Race Ey be 
stant. 


apabilitieg jn phase quadrature with the plate voltage. Tee the a-c portion 
y nearly 


i, = Ones 
Channels for f-m transmissions have b However, sine 
Re 3 have been assigned 200 ever, since iK 
ries has been found to be a sufficient carrier separation Py partes ; 
ueney deviation of as much as +75 ke. The width of i ft a‘ 
required! in the frequency spectrum is at least twice.the valve pale aia nate ap ha 
highest modulating frequeney or twiee the frequency devine 4p = Toate 
ever is greater. Important’ side-band components tn " 


> Se ay ocer 
these limits, however, a 


59. Methods. ‘There are diverse methods of produci 
Methods ¢ ethods dein 
Ff carrier. Two rather different. systems have been ‘classifi 
eet fm. and indirect fm., accomplis imarily 
mga o accomplished primarily by 
irect f.m. is produced by frequency modulating dit O, = ae 
D n - frequenes directly Lede: 
illator stage, as illustrated in Fig. 63, which has a nomect one rat 
‘The reactance tube may be caused to appear as an equivalent variable 
(apacity across the oscillator tank circuit. 


K9n 
From which the equivalent capacity produced by the tube 


For satisfactory transmission of the f-m signal it is essential that, in addition 
Toproducing the modulated wave, there must be present a satisfactory carrier- 
Wave stabilit; For this reason it is necessary to add a stabilizing circuit 

Means of ich the average frequenev of the wave is compared to that 

4 precision crystal oscillator and thus to supply a compensating voltage 
W the grid of the modulator tube. The compensating voltage supplied 1s 
ec to frequency deviation from the crystal oscillator standard. 


Fic. 63.—Frequency-modulated Fig. 64. 


action of the circuit is somewhat similar to that described under a-f 
oscillator. 


tyenerative feedback except that the improvement in frequency stability in 
‘ A ease is proportional to the Joop gain or 48, where y is the frequency com- 
carrier frequency of either the transmitter output. frequency oF # Pesation of output frequency resulting from 1 volt change of modulator-grid 
venient subharmonic thereof. In papers? giving “a ee ere nd é yen volts produeed by the frequency comparison circuit for 
treatment of f.m., it has been illustrated that, if the tack tires St re eae 
i n ustrates a ank cireuit ‘The circuit! required to produce the d-c compensating voltage from a given 
EA ie Cpalletcr alae ace varied in accordance with the aud Bequency deviation consists of the precision crystal oscillator standard, tho 
resnenelss there Wr produced a resultant {-m output signal. Gut" tube or converter stage, and the discriminator and detector stages, 
Pre wcvice Operating as a condenser microphone varying the ¢# if. of about 1,500 ke is produced by mixing the transmitter and erystal 
of the tank circuit of the master osc lator, there may be produced Mitput frequencies. This in turn is applied to the discriminator, utilizing 
carrier frequency modulated to conform with the sound undull ically the same circuit as that in f-m receivers when connected to a double 
Vibrating the microphone diaphragm. This tect Him of ghee. This produces a d-o output potential proportional to devis- 
Mirgct meinen is illustrates f.m, Mintle applied frequency’ as compared to that to which the cirouit is 
3 ‘ n divech aveen . ed. Since the feedback voltage utilized for frequency stabilization 
a pre ec eet aires syste of frequency modulating & Gssused to pass through a low-pass RC network of sufficient time constant, 
a8 a variable reactance. Tee tee, Use Of @ tube (Fig. 64), ent {aircult has practically no effect on the audio modulating frequencies. 
iS, variable reactance. Here a variable reactance is caused (0, lization of the average carrier frequency is for the purpose of preventing 
Le te re cathe and spore of the reactance tube by gt inge of the mean carrier frequency during modulation and permits the 
Vv ion at an audio rate. By sup c i 


eactance-tube: 
lator. 


Plying the grid of the reactané 1 t frequency regardless of whether or not modulation is 


with rf voltage previously Sftine ei po o vided with a linear characteristic as broad 
dutabi rece ad an Rae, aaah phase iting MMM te npenntr provid ih nar harctpine ga bond 
vs grid-excitation voltage is cause Matise on the band width is necessary, powers r, to mi i tain 8 stoop 

* Carson, Notes on the Theory of Modulation, Proc. 2 - teristic in the discriminator circuit, and thus, to provide a sufficient 
Pou, Frequenoy Modulation, Proc. I.R-E., July. 4930, oP eDreary, 19221 Ee8at of frequency stabilization, the band width of the discriminator should 
9g pore Amplitude, Phase and Frequency’ Modulation, Proc, LR. tig, (00 great. In commercial transmitters there is normally linear 
*Grospy, M. G., Frequency Modulation P: : ‘ Mpantttistic over the range of +100 ke with the discriminator peaks 
24, No. 6, June, 1036, °t'"’Y Modulation Propagation Characteristics, Prot: ted by 400 ke, thus providing good over-all stability either with idle 

Reon eae 1 : : 
+ G., Frequency Modulation Noise Characteristics, Proc. 1.R.Bu Mp{le. 1, R., Comparative Field Tests of Frequency Modulation and Amplitude 


‘tion Transmitters, Proc. Radio Club Amer., 16, July, 1939. 
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interlock 
circuit 


oscillator Amplifier 7, Beare 


on 


i 


6SJ7 


AF Input AF driver 


6SJ7 
Fic. 644.—Complete f-m transmitter cireuit 


compensating voltage from a frequency deviation as used 


in REA type En SOA transmitter, 


roduci 
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ser or under full modulation. It also provides full frequency control over 
Gifeioat range to prevent the oscillator from drifting out of the control 


# 
mod 

tie nay 
level 


Sideband 
amplifier 


Modulation 
input 
Fic. 65.—Scnematic diagram of Armstrong frequency modulator. 


luirod! in the radi 
ut into two paths. i 
ts the phase 90 deg. and, in the other, a balanced modulator generating 
Ht bands with a suppressed carrier. 4 
wih Combination of those two signals produces a, phaso-modulatod signal 
8 phase-shift modulation capability up to +30 deg. with satisfactory 
ity. A froqueney modulated wave is derived therefrom by transmitting 
ag 22st through frequency multi A multiplication of several thou- 
times is required to obtain deviations of £75 ke. 


Sydtsruoxo, E, H., A Method of Reducing Disturbances in Radio Signaling by 
"1 of Frequency Modulation, Proc. J.R.E., May, 1936, 
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To produce fm. and at the same time maintain a constant igure 660 shows the frequency-stabilizing circuit, which functions 
frequency, the phase modulation must necessarily be inversely propor 


f essarils igh a small portion of the 5-Me f-m oscillator (assume a 40-Me 

fey ohare thea tan ch tela a ee oe Bevis), being fol back through frequeney dividers to obtain a. S-ko 

portion to the frequency of the audio input to secure a flat a-f tr frean Sal to that of the Decision quarts orvstal ae li 

response. This is usually accomplished by a corrective network in the siandard. The 5-ke frequency, a much lower submultiple of the o 

circuits ahead of the modulator. qarrier, is necessary to produce a difference-frequency sufficiently low 
The amount of frequency multiplication required following the pe Output Oceitetor 


of phase modulation to secure the desired f.m. by the indirect met Reaatance 
upon (1) the amount of phase modulation produced by the modula control tubes. 
the lowest a.f. transmitted, and (3) the deviation or frequency swing 


| Saerigrged::| 


Audios 
input 


Mofor 
Fic. 66a.—Ecssential circuits of Western Electric f-m transmitter. 


Frequency 
900. 


multipliers 


Fic, 66.—Frequency-modulation transmitter utilizing phase-shifting net 


output frequency. For a phase shift of 0.5 radian, f juency deviat 
+60 ke and lowest a.f. 30 eps, the frequency multiplication 
4,000 times, 

‘o obi this amount of frequency multiplication, the initial 
frequency must be multiplied in several stages, then heterodyned down 


lower frequency, and then again multiplied a number of times more to 
the output frequency. 


Fic. 660.—Frequency stabilizing system of Western Electric. 


‘The 1-kw Western Electric 503A-1 f-m transmitter utilizes 


tubes directly as frequency modulators in a manner as shown in Fig. She within the range of the rotating magnetic field of the clectric motor 
‘The method used to maintain constant the mean carrier freq 


‘ Si for the retuning of the oscillator variable eapacitors through a 
appropriately called “synchronous f.m." sinee it operates by com Miilabie speed-reduction mechanism of gear trains, The direction of 
the mean frequency (measured in total carrier eps) of the fm osei fuistion of the motor depends upon whether the oscillator fre jen is 
to a precision-fixed frequency standard. ‘The difference frequency ‘er or lower than the fixed multiple frequency of the standard. Thus 
derived is then utilized as a control medium for mechanically ret j,omatic readjustment of the oscillator tuning is made in the correct 
the oscillator stage and thus keeping the oscillator frequency an ‘ion so that when exact synchronism occurs between the frequency 
multiple of the standard. The method used to control the freq back from the fan oscillator aud tha frequency standanl the water 
of 4 turbine-driven generator supplying electric power is similar. Rat 
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Because of the inertia of the motor rotating elements and the ver-tube operating costs are less hecause smaller tubes can be used for 
order of frequency division used, the motor is not caused to rota fi for a given power output, 
frequency deviations produced on the carrier at an audio rate dj ‘The FCC has assigned 40 channels 200 ke wide for f.m. between 42 to 
modulation, ‘The main advantage claimed for the synchronized: fyp} qo Mc. 
method over others deseribed for maintaining output frequer h 61. Frequency-modulated Transmitter Measurements. ‘The measur- 
is that the output frequency is maintained identical in. prec jg equipment is considerably different than is required for an a-m 
standard by making all the controlling factors in terms of frequeng dation since there is a variation in frequency of the emitted wave with 
The f-m output signal of the oscillator of the transmitter modulation while the amplitude is kept more or less constant. ‘This 
through four pentode stages, three of which are doublers, then thn Jsoxuctly the reverse of a.m, where the carrier is varied in amplitude but 
a WE 356-A triode stage and a final WE 357-A triode output stag maintained at a constant frequency. ‘The frequency swing or deviation 
the antenna, Operating characteristies of this transmitter are in be measured by applying sustained tone to the transmitter and then 
as are required to transmit faithfully high-quality f-m program si nwisuring the relative intensities of the carrier and the side frequencios 
60. Merits of F.M. versus A.M, With the application of f.m, to pesent, the relative amplitudes of which correspond to the Bessel 
mitters operating in the u-h-f bund, the relative merit for this syste tunetions involved.! 
signal transmission can be evaluated on the basis of an a-m s} 62, Air- and Water-cooled Tubes. or tubes of low power, artificial 


¢ u-h-f signal field intensity! at a given distance from a part fooling during operation is usually not necessary, radiation into the air 
transmitting antenna may be determined from theoretical and emp pets sufficient, For the larger tubes, however, artificial cooling is 
relationships as published in papers? and derived from extensive m ‘tsually accomplished by means of a circulating water system which causes 


matical and experimental work. Actual experimental tests* have § Asheet of water to pass over the anode surface at very high velocity, 
that an interfering audio signal (output of receiver) will ereate 0 ‘To restrict leakage of current from the anodes to the grounded pipes 
tionable interference if its level is about 30 to 40 db below the dest Wthe water system, connection is made between the anodes peck the 
signal, Thus service areas can be defined as zones in whieh the dq Water system through a long length of coiled hose or porcelain tubing 
component of the resulting audio signal is at least 35 db above, 

interference, For very high quality reproduction, this figure runs 
40 to 55 db. 

For interfering signals on the same channel as the desired 
it is evident that, if a.m, is used, a signal input ratio of 35 db is req) 
to secure the desired output ratio, However, in fm, the ratio of s 
at the receiver input needs to be only about 6 db since, the receiv 
fm reception responds to frequency variations and limits ampli 
variations such as those caused by noise and undosived signals, 

On this basis there are claimed advantages of f.m, over am. Dy 
of (1) improved signal-plus-noise to noise ratio, | Experimental 
have shown this difference to be as much as 25 db as influenced by int 
ties of automobile ignition, X rays, and other ian-made interfet 
Atmospheric interference ‘being small at ultrahigh frequeneié 
becomes negligible in comparison with man-made interference: IM This interne 
A uniform and definite service area from a given transmitter 4 yet PO8eS; between the anode and ground, columns. of water long 
f-m signal-plus-noise to noise ratio remains high until field intemal acigg ;,1° mee the electrical resistance to ground very high; as much 
reaches a low value, (3) A emaller geographical interferencalll mt ed coiled hose may be used, giving resistances of 0.5 up to several 
obtained when two f-m transmitters are operated simultancously roxy cased Glatllia’ Seatostnnssa ta een 
same frequency as compared to similar operation of two a-m transmil isfae ses distilled water is used, the water being maintained at a 
(4) Af amplifier used to increase a f-m signal is more eficient HHAMMMEMons 5t'X, deat aie «ar tetal cooler, since for, economical 
a Cal Doan ation) Hee a alee crite anon et SMMMmER?® Water-cooling and circulating eystem is automatically started whon 
power is required for beeause of the improvement. in sign ih emitter is turned on, and the transmitter is automatically turned 
noise to noise ratio obtained with fm. (6) For a given power ou Aloing. Sp ae ene tales ta the Sraues eo cunayetp in One metliog 
TELE YER and Canrmn, Notes on Propa igri tube whose inlet anc output orifices are connected to a devieo 
2DuvINo and Hear, Ultra Short Wave Propagation over Land Burvo “aa by the difference in pressure established between the two orifices 


E., December, 1 low o} i it HOP 

Waar, I. R,, Field Tests of Frequency and Amplitude Modulation with U-hf MW ho, f water, If the flow is interrupted or falls below its normal 
Gen. Elec. Rev., May, 1939; Crosny, M, G., The Service Range of Frequency Modi , sey, M, G. 
RCA Rev., Juiiuary, 1940. 


‘Glare 


Intermediate hove coll 
between puch pal tubes 


eke 


‘Stage Power Battery of 
‘Amplifier Rodistors 
G. 67.—Water-cooling and circulation syste 


tion of Waves below ‘Ten Metet 


, A Method of Measuring Frequency Deviation, RCA Rev., April, 
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value, a contactor through additional relays causes the power sup 
be disconnected, “4 eke 4 
Sometimes a milliammeter is provided on the transmitter panel he peak plate current depends upon the type of cireuit, tube, filter, 
indicates the magnitude of the current leaking through one of the load. In a single-phase full-wave cireuit each tube must carry the 
oils, the amount of current serving to indicate the relative purity flleload current for half the time, In the three-phase half- and full- 
water and indicating when it is advisable to change the water supp ve circuit each tube earries the load current for one-third of the time. 
In place of water cooling, forced air cooling is also used on some the rectifier feeds into an in- 
tubes. For the large dissipation required, a large number of radj dance, square. blocks of cur- 
fins are made a part of a copper radiator attached to the copper fare drawn from the rectific 
Sufficient air is forced upward and between the cooling fins to curry AM the peak plate current ap- 
the heat developed on the anode. Because of the high elect) proaches the d-c value. If the 
capacity ereated by these anodes, they are not used on the ve metifier feeds into a capacity 
frequencies. plate current is drawn for 
Power Supply. Plate-voliage supply for transmitters m oily a part of each half cycle 
obtained from d-c generators, high-vacuum tube rectifiers, mere Sito sek current may reach 
rectifiers, or hot-cathode mercury-vapor rectifiers. values of from three to fiv 


Single phase full wave 21605 

B maximum 
Bie a 
ae) pinere “SUB orage 

A) fecee een 


1) Piese <del feet 


‘The hot-cathode mercury-vapor rectifier is considered the best times that of the d-c load sy. Three phase holfwave 
of supplying high voltages to transmitter plate circuits. ‘The qurrent. ne ovetage = 24272 ranmom 
striking difference between mereury-vapor tubes and high-vacuum: Table IIT gives data on 22) pinerse “BOs R average 


is the internal voltage drop between plate and cathode. In the} gral typical hot-cathode mer- Taverage +0827 Tmaximum 


vacuum tube the voltage drop may vary from a few volts to tity-vapor tubes de igned for 


thousand volts, depending upon the current, element spacing, ¢ mdio power supply purpose: ‘Three phase halt wave doybley 
the mercury-vapor tube the space charge is limited by the are dro The circuits most. commont: Bavtroge A887 Bannon 
vapor which is practically constant at values between 12 and 17 wwed with these types of tubes Binverse +209B average 
regardless of the current. ieshown in Fig. 68. The sin- Tavroge =19) Lmexiomoe 
‘Table II gives a direct comparison of the relative efficiency of & phase full-wave and the 

vacuum tube and two types of mercury-vapor tube. Note that iree-phase and half-wave Three phase full wave 
mercury-vapor tubes give very low internal voltage drop and havet Suits are quite generally used. Eoverage eae 
siderably higher efficiene’ The three-phase full-wave cir- oy, : 


Binverse “10S B average 
Taverage “955 Imaxirium 


68.—Hot-cathode _ mercury-vapor 
power circuits, 


‘There are two fundamental limits which determine the power OM Suit is particularly applicable 
that can be obtained from any number of tubes operated in any tothe half-wave mereury-vapor 
cireuit. These ratings are (1) the maximum peak inverse vol lube, since it gives a peak in- 
which the tube can operate without flashing back and (2) tho ms Yers¢ voltage whose magnitude 
peak plate current which the cathode can supply with a reasonably isonly 4.5 per cent greater than the average output voltage; the wave 
ifs. 4 ae a form is that of a six-phase rectifier. 

The maximum peak inverse voltage which can exist across a tube i ™ eee, ee 
of the iniAl’ typescof Gleelitasia, equal to. the ling-<odive pa Taste T1.—Hor ror Tuse RaTinas 


‘Tante I1,—Companison or Hien-vacuum anp Mprcury-vapon 


Recrirters* | Peak inverse | Peak anode 


Pubs type aS —| voltage — | curren 


Louies, kilo- 


Deo output 


‘Tube drop | 


| watts a a ws - 

No. T | ia in ao. 

| Be | cru | ] peer: ale ae Shee 
tubes ‘Tube- x. ee 5 18 20/000 1010 

| drop soe | 8 30 | 22/000 | 40:0 

6 | uy-2t4 laedouble vu 12 | 120 |1.s00] 0 | ' Parasitic Oscillations. _One of the most important design features 
6 | UV-857 |Sofull wave] 12] 180 |" 45] 12] 1:6 nsmitter is to provide for adequate suppression of parasitic oscilla 
48 | CV=80r lara wavel21;000) 80 | 030 | 18, 30 | 148 Such spurious oscillations are usually caused by regeneration in 


Amplifier stage. They have frequencies different from the funda- 


+1, R.B,, Vol. 18, No. 1, January, 1980. Bital or its harmonics. 


¢ Maximum rating. 
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All classes of amplifiers are subject to these oscillations. Fee ear Restene Se Eat eal ee aa one aaa lita tlon tatonts 
them in a class C amplifier is not usually so difficult as in the class Tet ee erm eua peony, Sha aaa ar: Ob found to be more aatia: 
where the grids of the tubes are driven positive for a considerable ery than low-ron tabes. 

of the cycle. Before reliable and economical service can be realiz Low-lrequency oscillations of approximately one-third to one-fifth of the 
4 transmitter of any type, all tendencies for parasitic oscillation mi fundamental frequency are sometimes caused by tuned-rid tuned-plate 
suppressed to prevent serious lessening in the life of vacuum (i 

program interruptions because of arc-overs in the transmitter, 

oscillations may exist in an otherwise normal amplifier stage and mi 
be evident to casual inspection owing to their disappearance entirely 
grid excitation is removed. 


=s 


Plate Current 
Output Tank Current 


A typical class B ihe ‘unplifier stage of the push-pull type is shoy 
Wg. 69, This amplifier contains inheront design features which 

tondency to suppress spurious oscillations. Cs and Cy assist by acti 
very low reactance path for all parasitics of a froquency higher. thi 


Grid Excitation Voltage —- 
Ke. 70.—Typical saturation curve of class B r-f linear amplifier showing 
dynatron effect of power tube grids with / and E, constant, 


twencration with the plate chokes Ls and L; in combination with the blocking 

ondonsers Cio and Cx forming an output tank cireuit, A similar grid tank. 

Houit is formed by Cs, Cx, and Ls. Inasmuch as all tubes are effectively in 

fuallel for this combination, the neutralizing capacitors tend to aggravate 

® condition rather than to prevent it. In Fig. 71 is shown an equivalent 
itic cireuit of the combin: ; 

as formed from the cireuit ri 
Fig. 69. ‘The remedy is to 
igo the values of inductance 


Fig. 69.—Class B amplifier with characteristics to suppress parasil 


fundamental with a result that they effectively load the parasitie 
Connections between, these capacitors and the tubo grids are kept 
absolute minimum. ‘The grid loading resistors /2y and Its, whose voal 
ig to improve the regulation of the grid circuit as the grids swing The ‘ 

also act as a resistor load to damp out oscillations. Ce and Cs, Wi existence of these oscilla 
2id-point grounded, act as a low reactance path to ground for'f pt be dotected by 

above the fun on tal. excitation at the funda- 

The frequency of parasitic oscillations may be anything from fe tentueney to a stage with 
low end of the frequency spectrum to the u-h-f region, » Parasities of “ : plate voltage and grid- 
frequencies, in the neighborhood of Jess than 1 to. 10 cycles, are som clage until the tubes draw yy, 71,—-Kquivalont parasitic cireuit of 
set up by the dynatron action of the tubes at the natural period of the . i re ye) set Fig, 69. 
supply filter circuit Ci, Cs, and Ls. 0 ‘after funda- 

Dian lesisraeeot tite pa iil grid excitation is removed, gs indicated by noon lamps attached to 
Sppatent in the farent iiltbe plates the Frequency of thsharaaiie may bo determined by menns of 
linear amplifier. Oguieter, and thus steps can Be taken to climinate it. 

tutions within an amplifier stage at frequencies neat the fundamental 


boreiblo to. suppress such 
Hlation by tuning the parasitic 
Ml circuit to a higher frequency 

, tte corresponding plate 


uy. caused by regenoration within an amplifier stage due to improper 
Nzation causing tuned-grid tuned-plate circuit oscillations. Improper 
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circuit design or too close coupling betwee inpu “gone commonly used triode amplifier circuits 
output circuits or chokes is also liable to cause this condition. vi. ‘The push-pull amplifier is superior to the single-ended circuit, 
Parasities of frequencies in the neighborhood of from five to twenty: Bis capable of producing a sum plate current of the two tubes which is 
the fundamental result in cases where the leads from the tube grids i ty 
and C; form a grid tank circuit, the nce frequency of which is 220° 210° 200°190° 170° 160° 150° 140° 
mined by various distributed cay nd the induc 140° 220° 
Oscillations are made possible by t 
formed by leads from the tube plates to Cs and Cs together ious 
capacities, ‘This form of parasitic is seldom sustained but shows itself 
rominently when the stage is subject to high peaks of modulation, 
rouble may usually be corrected by insertion in the plate leads at @ 
adjacent to the tube plates choke coils Zz and L 
These parasitic choke coils Lz and Ls together shortening 
leads to an absolute minimum may also assist in alla 
ultrahigh frequencies in amplifier stages employing two tubes 
rid leads of the two tubes, although connected, may comb 
capacities, thus forming a pu scillation of a very high freq 
Such oscillations i h r-f voltages to build up whieh 
result in serious arc-overs from various parts of the tube output cireult 


65. Suppression of R-f Harmonics. It is the inherent chara 
of a yacuum tube, while functioning at 
amplifier circuit, to. generate harmonic frequene 
A station broadcasting on 600 ke, if second and third harmonies w 
suppressed, would produce interference with other stations oper 
1,200 and 1,800 ke. Field intensity measurements about a stati 
necessary to determine how much harmonic energy is radiated 
show the progress of work done toward reducing radiation. 

In specifying the allowable harmonic radiation from a broads 
baton ie mE Committee = Broadcasting S of ans 1930, 
mended that the maximum radio field intensity of a harmonic comp 6 oe J e ye ie jo ie 
measured at a distance of 1 mile fror Sa ee ea alae 
eont of the Geld intensity of the fun ee wo mica aecalatie. tis 

A field strength of 500 nv per m ance of 1 mile is ; ef er i 
mended es a maximum allowable intensity from a high-pos@ial Cane seine, wmnaees Tae 
mitting station. If in the ease of a 50-kw station a circular-field pat 
and equal attenuation are assumed for both a harmonic and the 
mental in the immediate nity of the station. 1 strength of 8 

pond to approximately 7 mw of radiated po 


The effect of directivity (i ated in ‘gf 

a field intensity of a number of times the 3 

a given direction with a very mm eL 
interference. Con f os 


that harmonic suppression must be attacked from a number 
These may be briefly outlined as follow: 


B and 


1, Design of the transmitter cireuits to reduce the harmonic content) 
power delivered to the antenna circuits to a minimum. 73. 
2. Thorough and effective shielding of,the entire transmitter or BU *—Push-pull amplifier with high kilovolt-ampere tank circuit in 
3. Effectively grounding all harmonic @rain circuits and climinatio® i“ transmission line. 
conductors near the transmitter coupled to it inductively or capacita™ ical ‘ Ps 
4. Reduction of directivity of harmonic radiation to a minimutt: Wide sin, wave shape and, therefore, it contains no even harmon 
. Installation of shielded band- or low-pass filters at the input ¢@ Ring) @! Plate currents, of course, contain even harmonics which are 
transmission line to the antenna. to ground through C3 and C; resulting in identical instantaneous 
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even harmonic potentials being set up on each side of Ls but ng ansiderable voltage to build up at others. Most satisfactory results are 
even harmonic current through it, Under these conditions an Milly secured by designing © minimum impedance path for harmonies 
statically shielded inductive coupling is provided to permit tra jund as compared with a given high impedance at the fundamental 
only fundamental and odd harmonic frequencies to the coupled fie effectiveness of the shielding of a transmitter may be determined 
For « condition of symmetrical plate current it is evident that th b ting the transmitter with full poy output into a shielded 
cl storistics must match closely, C, = Cy and Cy = Cy, 1 mtom antenna, Measurement of the harmonie field strengths 

ing bridge must be balanced not only for the fundamental fi juced from the transmitter itself is direct evidence of how well it is 


but for even harmonics. This requires that the internal capneitiogy Molded, Such radiation can usually be traced to a long conductor near 

tubes should mateh, As will be shown later, a high ratio of eixeulalll the transmitter, coupled to it capacitively or through a common ground 

Muurh. Ground conductors serving to drain harmonic frequency power 

yund therefore should be as direct as possible and should not be 

s to have a free end which might attain a high potential at 

r This is particularly true of the harmonic drains 
uit constants, ‘The curves im 


0.5+09(sinWi-b sing Wt | 
+%Sin 5 Wi 
~0.9(0707 Cos 204-0383 -] 
Cosank— | 


10 15 20 25 30 35 40 45 50 55 60 65 


__ Circulating Kva.in Tank L2G; 
Ratio Tea. OulpaFinto Zp, 


ia 
a 


Ce Ce Effectiveness of high kilovolt-ampere to kilowatt ratio in reducing 
Gj== Output harmonic output with constant power output at fundamental. 
_ > Near the antenna itself. hould have a separate ground to prevent 
oupling of harmonic frequencies into the antenna, 
. 75.—Improved tank circuits for suppressing harmonic radii a sensitive wavemeter is very useful in determining the relative 
ak 7 an monic field intensities near the various circuits, of a transmitte 
show the filtering effect of a high kilovolt-ampere tank circuit if hon tuned to the frequencies of various harmonics and coupled to 


pressing harmonic components of current generated in the tube. “itious circuits of the transmitter or placed at positions along near-by 
curves show actual harmonic transferred to a given load cireuit n conductors, this instrument will indicate proportionate amounts 
a constant output at the fun ental and various kilovolt-ami fi the harmonic components of the current flow. — By effectively ground- 
kilowatt ratios of Ls and Cy, Figure 75 shows improvement 4 long open conductor, either directly or through large capacities 


‘cuits so as to increase the normal filtering action of an ordinal 4 number of distributed points, harmonie radiation can usually be 
cireuit, A high kilovolt-ampere to kilowatt ratio applied to thesed Himinated, 
is capable of reducing harmonic output to an extremely small he push-pull amplifier coupled to a long transmission line has often 
Thore are some limitations in the amount of filtering which ean be Mioine a ssurce of undesirable even-hamnonio radiation because of 
by a high kilovolt-ampere tank cireuit, however, since the [2 Pliciont clectrostatie capacity existing between the coupled cireuits to 
the circuit increase in proportion to the cireulating kilovoltet ermit a transfer of energy from the amplifier output circuit to the line, 


and the cost of apparatus for inereasing kilovolt-amperes in # Mless this electrostatic enpacity is reduced to an extremely low value, 
without increasing losses is considerable. In, broadcasting trang » by installation of a well-grounded electrostatic screen between the 
there is the limitation of too low a decrement in a cireuit wi coils, even harmonics usually find a path along the transmission line 
greatly the high frequencies of 2 modulated envelope. et round return to the generating source. An unshielded trans- 
trap LsC; is tuned to a particular harmonic to be eliminated, Ssion line serves in this case as an effective directive radiator in the'form 
antiresonant circuits (parallel traps) in the plate lead of an al it 8tge loop. Its effective height will be dependent upon the height 


while reducing to some extent a single harmonic, has a tendency © transmission line above ground. Parallel flow of even-harmonic 
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currents along the line, therefore, makes it a much more effective 
in some directions than the push-pull flow of harmonic currents in 4 


A cireuit which has been found to be very effective in reducing 

arallel as well as the push-pull flow of harmonic currents in a trans 
Tne is shown in Fig. 73 in the form of a high kilovolt-ampere float 
cireuit LsCsCio tuned to the fundamental component of current fi 
the line.» This tank cireuit, while offering an impedance to the fund 
approaching an infinitely high value, offers a relatively low impedance: 
to ground for the parallel flow of even harmonics equivalent to 
-1 
© FxfaCw 


» 
experi 


eater 
othe 
jn reel 
ter 
ow 


66. 
adders! 
anten’ 
ideal 
fine is 


* Fefa 


where resistance of circuit is negligible 
Zne = impedance to nth even harmonic 
‘n= frequency of nth even harmonic 
and for the Dud pull flow of odd harmonics between tri 
conduetors 
—2rfacla 


Gxfe)*LsC - 
where resistance of circuit is negligible 


= impedance to nth odd harmonic 
‘Jus = frequency of nth odd harmonic 
C= 


spac 


1 


Cy _ Cw 


2 


where Cr = Cr, : 
It is evident that as Cy and Cp are increased 


in_capacity the effecti 
is 


of the circuit in reducing harmonics is increased. Since the trans 
termination impedance is usually made to match the line impedanee fe 
fundamental frequency, it usually happens that the line impedance is mat 
ee m™ 
>—§ fit 
Ley aL 0 


it To Antenna 


res | Ali Bu ol 

hea, 
Fra. 77.—Low-pass filter combined with antiresonant cireuits 
in transmission line. 


- 


for this frequency only and as a result harmonic components of curren 

voltage in the line appear as standing waves along the line. In such ® 
the above tank circuit is most effective for eliminating a particular hi 

if it is placed at a point along the line of maximum voltage. This 
alone was effective in one case in reducing second-harmonic radiation 
station to one-fifth of its former value. $e 


a low-pass filter is shown in Fig. 77. This combination has been 
cessfully in severe cases of harmonic radiation from a very long tram 
line and antenna system. The filter matches the surge impedance 
line and has a cutoff frequency between the fundamental and seco! 
monic. Antiresonant circuits have been found useful to sharpen the 


vh 


then. 


as to 


fesults 


Asimple form of such a transmission line is the parallel two- 


The curves of Fig. 78 show the characteristic impedance 
the concentri 


uring 
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tenuate sufficiently the second-harmonic frequency. Considerable 
jence in filter design and adjustment is required to secure optimum 
rom such an arrangement. For use with concentric lines with the 
ath grounded, the filter shown in Fig. 7 is simplified to the extent 
If, i.¢., one line to ground. 
¢ methods of line termination shown in Figs. 73 and 74 are effective 
jucing the possibility of harmonics reaching the antenna circuit. The 
tion shown in Fig. 74 may be improved by use of a multigection 
ass filter. 


Antenna Circuit Terminations for R-f Transmission Lines. Con- 
ble improvement in antenna efficiency can be secured from an 
na located at some distance from the station so as to approach the 
case of an antenna radiating in free space. The r-f tran: i 

used for conveying the energy from the tra 


mitter to the antenna, 
' . conductor 
cach conductor having a diameter of approximately 14 in. ‘The 


ng of the conductors is normally 12 to 15 in 

Parallel Conductor Une ae 
= Bo= 276 log [Sla+VS¥ LD] 
Concentric Tibe Line —— 
= Lo =l86 log Sek — 


eat 
al 


paral! 


100 
Sia 


Fro, 78.—Impedance of parallel and concentrie-tube lines. 


alues with 
to spacing and conductor size of both the parallel conductor line 
pe. 


There are diverse methods of 
impedance of a transmission line. A 
illustrated in Fig. 79. With the setup 


uracteristic 
e method 


it effect 


mand the switeh thrown to the line position, a trial value of resist 
2 is ins 


simum J;, Then with switch 


ried. Cis adjusted for ma 
qual Rs, the eapacitor @ 
h 


nin the opposite position and R: set to eq 


: Antaossans ctreuite ast Hed in iS sraeie line at current sai Whe sed for maximum J;. By trial, a combination may found 
nave been found very effective in reducing a single harmonic to whit Pete there is a spe = 5 i 
were tuned. Extreme care should be taken in shielding these antire a PE ee et earl oo ter ithe 
circuits to secure best results. A combination of antiresonant cireuit® i. caus is, pai Y Pia cen Ee 


lance of the line. 
n r-f power is transmitted over a transmission line to an antenna 
the jine termination may be adjusted to afford a condition where 
are no wave reflections by making the effective resistance of the 
ion equal to the characteristic impedance of the line. Several 


| 
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fe 


- 79.—Measuring impedance of transmission line. 


(a) (b) 
Fic. 80.—Terminations for transmission lines. 
L a8 

Lr 

cA i 3 
=z G C4 
Ra 

Equivalent Circuit 


Fic. $1.—Transmission-line termination. 
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en) 


euits used for terminating transmission lines are shown in Figs, 80 
{p82 together with their equivalent cireuits, 

A formula for calculating the value of capacitor Cs for an effective resist- 
‘ee value Zo equal to the characteristic impedance of a two-conductor trans- 
fision line balanced to ground as shown in Fig. 82 as well as for a 
fansmission line having one conductor grounded is as follows: 


Let Zo = effective resistance of transmission-line termination 
Rs = antenna resistance consisting of radiation resistance plus equiva- 
lent resistance 
Lr = combined inductance-balance coils plus equivalent antenna 
inductance 
Cx = equivalent antenna capacity 
‘» = line-termination capacity 
reactance of C; 
reactance of X. — Xca 
1 = impedance branch 1 = —jX1 
Zs = impedance branch 2 = Rs + jX2 
# —j(X2 — XX: + RD) 
Re + (Xe — Xp 


here, in Fig. 82, Cx is dependent only on values of Zo and Re where Zo is 
Siivalent to a pure a-c resistance with the antenna circuit adjusted for reso- 
tance. Unless Zo exceeds the value of Ro an effective resistance equivalent to the 
ctoristic impedance of the line cannot be secured. 


When low-impedance lines are used, such as the concentric-tube type, 
termination shown in Fig. 81 is useful, since it affords a condition 
re correct termination may occur in the form of an effective resistance 
fven though Re equals or exceeds Zo, 


Equivalent Circuit 


ission-line termination. 


Fic. 82.—Balanced trans 
Ti 


2 Fig. 82 is shown a transmission line in the form of a tank cireuit. 

he tank condenser Cx across the line is selected so as to provide a 

Hble kilovolt-ampere ratio of the tank circuit with respect to the 

Gyprstts transferred to the antenna cireuit; this kilovolt-ampere to 
‘att ratio is normally about 10 and should never be less than 2. 
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ZoRe 
t= See 
ZR. 
Xt = tke 
Ty = Pe) 
from which be s 
XZ 
cles Te & 


where Ry is the effective value of resistance reflected into the tank 
from the antenna circuit. 
‘The value of Re can be culoulated from 


where the inherent resistance of the tank circuit is negligible 
M = mutual inductance bet La 


Ro 
Vor a condition of proper termination Xs approaches zero and 


oth Xi%Zo_ 

“Ra ~ Kt +X 
iy ae a ae 
M = Naar tH 


In Fig. 83 are shown values of M required for a transmission im) 
of 400, 500, and 600 ohms and a line-termination capacitor of 
0.001 and 0.004 uf. The transmitter frequency was assumed as. 
and the antenna resistance 30, 70, and 140 ohms. - In the desi 
tank-cireuit termination for a given line the value of Cp across 
is selected so as to provide a proper kilovolt-ampere in the tank 
with respect to the power transferred to the antenna circuit. 
kilovolt-ampere to kilowatt ratio is normally about 10. 


68. Termination Adjustments, The usuial procedure in adjustinj 


transmission-line termination for a condition of no-wave reflec 
the line is as follows: 


1, The number of coupling turns is calculated so as to give the pre 


value of M. With the tank circuit open, the antenna is tuned to 
resonance by means of an external oscillator loosely coupled to it 
fundamental frequen 
2. The tank circuit is now connected into the cireuit and tuned to 
‘This is indicated by a condition where the current in the ant 
it, becomes a minimun 
3. The transmission line 
maaking any changes in prev 


titable meters. 
mission-line curren| 


69. Concentric Line Terminations.t The growing use of cone 
lines of the low-impedance type has led to cases where the characte 
impedanee of the transmission line is lower than that of the ant 
resistance, In general there are three cases to consider as follow 


when the antenna impedance contains a resistance compon at only? 


* This and the following article are from Electronics, December, 1936, 


see 211 


when the 


tive component, either (a) capacitive or (b) inductive; and (3) when 
antenna impedance contains resistive and reactive components, the 
jatter being partially compensated by the insertion of an extra reactance 
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antenna impedance contains a resistance component and a 


dopposite sign, ‘These three cases are considered in order, 


0.0050, X, 10% 


rei 
00045|-where Zo Characteristic impedance of line 


00040 capacity Cp 


Capacity, CB, 


ad 1, 


¢ © charac 


Bee ea 


Re Antenna resistance 
[if = Mutual inductance in pes 
(y= Reactonce lank 


|__| Note: Halve of M for various forms | 
OF Lig and Lp may bs calculated 
‘trom formulas 174 to 193 of Bureau 
S| of Stanclarels Bulletin No.74 


Se ea By aa e Ghn ce oe 
Mutual Inductance, sift 


Fie, 83.—Values of M required for proper termination. 


Antenna Impedance Purely Resistive. From Fig. 84 the concentric 
teristic impedance, Zo, is terminated by a network consisting of 


Lc, and the antenna impedance Za. For case 1 the reactance of tho 


mien impedance is zero, and Zo < Za = Ra 


a 


%, 


Whore ze, 
Met oust 


Then the complex imped- 
ented to the end of the transmission line is us follows: 


RAlXoXi — Xi(Ns — XY] + KX + Ra(Xs — XDI 
= Rat + XF 
Xj, and Xs are as given in Fig, 84, For proper termination Zo 
4%. X; becomes peg 
a Ne =n 
Rak 


x, 


.< Xi + Re 
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Since Cx = 1/(2xfX) and Le = X3/(2zf), their values in microfarads X;= Inductive reactance, ohms 
microhenrys are then readily calculable from f, the frequency of 0] 1502 400200300400 
Figure 85 gives various values of X; and X; in terms of values of Zo 


| 130] 
He | 
ie Fr) L | 
a TX i a HET | eS Bs 
Cases (and (2) 2 Fool stall | Pe 2 | | 
z LS SIS LK pesmi ch | 
£ rosin MS VY || pe4 
nitty WW WQy Dotted curves-—sabvesorX;} 
& {fh ae Soli curves —valvesofX, 
350. 1] ! 


| | arta 
300 50050 at Raton 
X,,~ Capocitve reactance of capacitor Gp ohms 


Fia. 85.—Values of reactances for line termination, 


Lo— Zo By 
ee ee Mee ai Sage cee 
Antenna capacitive Antenna inductive 

Fia, 84.—Concentrie line terminations. 

Case 2a. Antenna Impedance with Capacitive Reactance. Refer 
Fig, 84. It will be noted that the equivalent diagram for case 2a is the 
as for case 1, except that the antenna impedance is now Zs = Ra — 
‘Then 


s 


from which 


8 


X,,Reactance of capacitor Cy ,ohms 
s 


~ zs) | 


_ XR? + X2Xi + Xs) 
~ Rak + (Xa + Xs)? 


Ry 20Ge 
t 


0 
0 §0_100 150 200 250 300 380 400 0 500 550° 
X,Copacitive reactance of antenna, ohms 


Fi. 86.—Values of terminating reactors for case 2a. 
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2+ Vee +X2—- Zaks | 
Rat + X3* 2X1) 


from which Le and Cs are calculated. Figure 87 shows various values 
and X3 in terms of Ra and Xs, for Zo values of 80 and 100 ohms. 

Case 3. Added Reactance to Antenna Impedance. When the transi 
line impedance “looks into" a complex antenna impedance, it is 
simplify the adjustment of the cireuit greatly by adding a reactance 
shown in Fig. 84 for case 3, This reactance Xy may be either induc 
capacitive, as shown, If the sum of Xs and X2 is inductive, then Xy is 
capacitive and vice versa, The value of X: is such that the algebraic 
Xi, X, and X; is equal to zero, Since X; is in series with the antenna ii 


500) 
450 
* 
E400} 
5 
3350 
¢ 
5300 
8250] 
5 200) 


| 
ase (2-b) 4 


100 150 200 250 300 350 400 450 500 550 
X, = Inductive reactance of antenna, ohms 
Fra, 87.—Terminating reactors for case 2b. 
ance, it adds directly with the reactive part of the antenna impedance, 
effect of the presence of X« can then be taken into account by appl: 
formulas of ease 2a or 2b. = 
Xi = Xs = VZ0Ra 


‘This occurs only, however, if Xs is so chosen that 
+X - X= X= 0 
The reactance X; must always have the opposite sign from Xz, as i 
by tho plus-or-minus signs in the equation. When X« is 80 ¢ 
reactance X; and Xs may be obtained for various value of Zo and Ra by! 
ence to Fig. 88. Note that these values apply regardless of whet 
larger than, equal to, or greater than Zo. 

In making: 


nce matching circuits to provide & 


0 50 


Practical Procedure in Designing Matching Circuits. 
dance 
f 


able adjustments on the impe 
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Antenna capacitive 


3 
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fronsmission line, ohms 
S 


2 
s 
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Zo,Characteristic impedance of 


3 


oO} 


50 100. 0 700 750 300 350 
X;, Capacitive reactance of capacitor Cr 


}.—Values of terminating reactors for case 3 when antenna reactance is 
compensated, 


CURRENT AND VOLTAGE RELATIONS 


Je. it *, 4 
i te 
Sage “cay 2 


CASE 1,20 AND 2b CASES * 


CURRENT THROUGH | TRANSMISSION 
JANTENNA| CAPACITOR Cy | LINE CURRENT: yey 
CASE bani eal ‘el, 24 ).ty Bn OF ANTENNA 
(Dyn, “VZq "° | Eatlaty 
Fadi 
\ (we Ri +jRaAXy Vz 
: Ra |e apex? % 4aRa 
A eX) 
z li RX) Ww zi 
Sa ae 
REX AYXSIRAX, 
2b a FaXy Xp FRaX,| we 
V2, [eeeeatone (ex | V2, | ta Paris) 
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"a, 89.—Current and voltage relations in terminating cireuits. 
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termination for a given transmission-line characteristic impedanee, 2, With Lo disconnected from Cy, reactance X; (inductive or capacitive) 
cases 2a and 2b “above, where Ra > Zs, the following proved jeudded in the antenna circuit in sorigs with Xi. By means of X, theanteney 
recommended: greuit is tuned to resonance, as indicated by maximum eurrent through « 
iss ive f jhermogalvanometer, when the antenna circuit is excited by means of an 
1. The transmission-ling characteristic impedance should be cal Eyornal oscillator loosely coupled to it; 
and the results checked by actual measurements if possible, either by 3, A sufficient value of inductance Le haying a value Xy equal to Xy is 
of a r-f impedance bridge or by the methods described in the literature, then connected into the circuit as shown in Fig, 84 > 
2. The antenna base resistance should be measured over a frequen 4, The line is then checked for stationary waves, the absence of which 
width covering at least 100 ke each side of the operating frequency. Ag Hidicatos a condition of correct termination, 
should then be constructed with values of antenna resistance as # fun The mechanical propertios of long. eoncentriestube transmission ines 
frequency. A smooth curve drawn through the points of measurement makes the measurement of current in the center conductor rather difficult, 
assist in checking their accuracy. In some cuses removable plugs are placed in the outside tube at various 
Together with antenna resistance measurements, the antenna jatervals along the line. These plugs, which, when inserted, make the outer 
should be measured, eithor by means of a r-f impedance bridge or in a lube airtight, permit connections from an antiresonant cireuit across the line, 
shown in Fig. 90 over a wide frequency range and a curve constructed: Buch an antiresonant cireuit, when tuned to the fundamental frequency, 
antenna reactance as a function of frequency. 


wnts a very high impedance to the line, when bi idged across it, there- 
bre does not effoct its characteristic impedance at the fundamental frequency. 
Antes With about 10 watts flowing through the line, the galvanometer reading is an. 
fe hepoiarhbe remand SERIA indication of the voltage at the points measured along the line, 
accurarte power measuremen 


betel eal pio @tethod Used in Measuring Antenna Characteristics. Refer to 
f i Test clip lead! ig. 00. 
passe tet pl orlow Value of Cy (usually about 0.0006 pf) is selected to provide sufficient series 


Co. 


Waverneler.. capacity switch fapacitance reactance to make the antenna capacitive over the frequency 
prass a Bee measured. Phen, with the anc ri 
: i Hon Meth Tanna excited by the driver oscillator z) 

Shiela "Thermage {a2 position, pada atthe frequency indicated by. the 
PSA low capacity Wavemoter and the switch at position 

Peal Tadjust C, and Ls for resonance, ns 

LB IR Golbroted Indicated by the maximum roading of 

2 resistance GR is then adjusted until @ reading 

a (shielded) 4 the same as before. Then R is 

Ce High quality the antenna resistance 


For antenna reactance measurement, 
tho circuit iy first, calibrated for stray 
fibucity in the shielded resistance box 
by ng cireuit (switch in posi 
at otM with Box in the circuit 
4, With the values of antenna resistance and reactance, known, val then entirely removed. t= 
capacitance Cy and inductance Le may be caleulated for cnse 24 oF Ty!” ,fonting “of capacitor Cs be. fo Aale Xle 
may be required, and connected into the cirenits as shown in Fig. 84, fapmiiytt, jv gonditions equals Fra, 91.—Matching eireuits for bal 

5. With the transmission line connected, correct. termination ms fensity of box. ‘This value, should anced transmission lines. 
checked by measuring the transmission-line currents at the ends, {f Its firgntted to each reading of Cs, when Bitates mite ; 
is equal to a quarter wave length or odd multiplies thereof, - For a vet Bie yn Gre osonated, which is dane us above for resistance measurement. 
line it is good practice to make these measurements at a number of BB Sencha aE Be ia toe Saal to she recatance of (Cs minus eet 
along the Tine M The exi ene of Elesounry, wa ie of current or voltage Dowitiy <° actance of Co is greater than that of Cz the antenna reactance is 
tundamental frequency along the line is an indication of incorrect F E F ae q 
nation. “In such a endo slight adjustments may be necessary in Le h j found desirable to apply the ies Shing claaute casoce stove 
to correct for stray capacity of leads and tuning equipment or slight e ite nlanced lines (open wire or double concentric typed), th aoe 
measurements. If a r-f impedance bridge is available, its measuring at oe ay the partionlas formule for cases 1 and 2 i halved and placed 
nals may be connected across the input to the matehing circuit in pl pss 1 side of the circuit (see Fig. 91), while the 


calibrated 
= + capacitor 


Fic. 90.—Setup for measuring antenna characteristics, 


the transmission line and the termination cireuit checked for am nil on euch side of the cirenit for ease 3. Under these conditions the 
ine atasyed "sent the characterise impedance of the tine wihOMM Rg on abv only f the respective cane menioned. ih ate 

Although caso 3 requires the addition of another piece of apparatus Nt into another having entirely different input impedance characteristics 
form of an inductance or capacity in the antenna lead. which may be ia;h Vhe foregoing analysis of antenna matching circuits, they were con- 


expensive, the adjustment procedure is less difficult. and is ns follows? Ried as providing for's given tansuausion ine, a techie imped- 
1. With values of the line characteristic impedance, autccra e® equivalent to an ohmic resistance at the ftmdamentat frequency, 
and reactanee obtained by measurement, the value of Cy is caleulateds An 


it M Lin nalvsis of the input impedance that such a line “looks into” at 
Sives the reactance 21 necessary, Bou: Larmonis frequencies discloses that it may assume an infinite 
ber of different impedances containing resistance and positive or 
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negative reactance components, the values of which depend uj 
termination circuit constants as well as those of the antenna, 
values of antenna resistance and reactance may vary widely wi 
quency, For harmonic frequencies, stationary waves of current 
voltage will form on the transmission line as well as in the 
circuit, unless suitable harmonic filtering is provided either wil 
vacuum-tube transmitter or at the input to the transmission lin 
‘The effectiveness of a given filter design for various harmonies 
upon its position in the tine with respect to the positions of cw 
voltage antinodes of the harmonic frequencies along the line. 


Code 
Verticol beacon 


Diode rectifier 
intransmitter room = er remote 
Fra, 92,—Equipment in antenna house of modern broadcast transmil 
71a. Loss in R-f Transmission Lines. By reference to Fig. 
evident that the most prominent factors contributing to power 
open wire transmission lines are as follow: 


1, Power loss due to conductor thermal resistance 


262, 
Rr = —7~V uf ohms per centimeter length 
whore S >> d (see 78) 
2 = resistivity. of conductors in microhm-centimeters 
# = permeability of conductors 
J = frequency in megacycles 
d = diameter of conductor in centimeters. 
2. Power radiated from balanced and unbalanced line currents. 


3. Power component of mutual inductance due to secondary 
induced in near-by conductors. 


4. Power loss due to leakage or conductance of the insulating medi 


@ cS mho per centimeter length 
5. Power loss due to dielectric hysteresis. 


Mhero dy — outside diameter of inner conductor 
ds = inside diameter of outer conductor 
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RESISTANCE AND REACTANCE COMPONENTS 
‘OF AN R.F. TRANSMISSION LINE 


Load) 


de>» capacitance» 4 » 
Z =I 1000 of loop length = Re-faale 
e «Rance ino per WOO Oost 
(CORRESPONDING VOLTAGE AND CURRENT RELATIONS 
‘OF AN R.F. TRANSMISSION LINE 


jr variation of the current and voltage at any 
point along the line a distance S from transmitter : . 
T-lpcosh SVEY ~Eq Vii sinh SVE E-Ey cosh SVEY ~IyV2I¥ sinh VEY 
When the line is aperiodic surge impedance Lo-V acer 

Components contributing to line loss: 

4e,* Voltage consumed in phase with current 

ig = Current consumed in phase with voltage 


E,.atany point S dlstance from transmitter ene! 
ByoBge ole l8) = Ege S| re feabNGe fe 


VR fe NGejoO) 
where oe attenuation Constant for lines oF small 
leakage conductance oc= Seaver 
For lines having negligible leakage ce + EVE ~#h 
54365 £. decibels per unit length 
Fic. 93.—Losses in transmission lines, 


i coaxial lines the major factors contributing to power loss in 
mission lines are as follows: 


1. Power loss due to conductor thermal resistance 


Re = oes veal (Z, + a) ohms per centimeter of line 
i ta 


centimeters 
centimeters: 
P = resistivity of conductors in microhm-cms 

# = permeability of conductors 

f = frequency in megocyeles 
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2. Power loss due to leakage conductance of insulating medium. 
3. Power loss due to dielectric hysteresis. 


By reference to the loss curves shown in Fig, 94, it is evident that 

greater part of the power loss in both the open wire and coaxial typ 

When operating with negligible reflection is due to the conductor th 
sistance, Owing to the low-loss insulation materials now avail : ier ‘and'to conv p 

resistance. | OWING ‘Mectric leakage and hysteresis can bo reducediammmmmmte. Without appreciable distortion or inherent v 

negligible quantity especially at standard broadcast frequencies. Surounding area about a given broadcasting station wherein satisfactory 
‘The curves of Fig. 94 are the results of extensive r-f measurem ram signals can be received determines the area of the station. 

Which confirmed mathematical formulas given for calculation of Io The service area of a standard bros ation of the 550- to 


1,600-ke band consists essentially of two distinct regions. That region 
6c jinclose proximity to the station is served by the direct ra round wave 
4 willed the primary coverage area of v brondeasting station, while the region. 
3 Msome distance from the station and served by virtue of indirect ray 
2 ‘ot sky-wave reflections is called the secondary coverage area, During 


Wuylight hours of brondcast transmission on frequencies of the stand. 
broadeast band (between 550 and 1,600 ke), a broadcast listener is 
‘wneerned with the primary coverage ignals of near-by stations for 
grams since there is very little sky-wave energy reflected during th 
riod under normal conditions. The daylight service area of such a 
deasting station therefore consists almost entirely of that region 
weed by the direct ray. 
During the hours of twilight and darkness, the secondary coverage 
itea of stations in the standard broadeast band becomes apparent. ‘The 
‘ area of a particular station begins at a considerable 
ce Trom a given station and i 
y cove 


e- 


Power loss, per cent per 1000 feet 


ese 
28 


me ones 


Power lass, db per 1000 feet 
° 
88 


Apparent, The fading ar¢ » dependent upon a 
iber of factors, such. 2 ion, antenna radiation 


0.5 


001 tt (mE! 
“or 0203.05 #410 2 3 S WW 20304 
Frequency of power transmitted, megacycles 


Fic. 94,—Powor loss in lines operating at 20°C with nogligible reflect 


in open wire and coaxial lines of various standard sizes. Worthy 
mention is the rather high efficiency of the open wire line consistin 
two No. 4B. & 8. gage solid copper conductors spaced 12 in. ¢@ 
center, The losses in this line are less than those in a 3-in-diam 
copper coaxial line. ‘The resistivity p of aluminum being greater 
copper, the losses in an aluminum coaxial line are somewhat § 
than those in a copper line of the same dimensions. - 

71. Broadcast-station Signal Coverage. ‘The reception of satisfiel 
signals from f given bros acting station by . particular a 
given point depends upon the following: (1) the intensity of the 8 le be ik Fae eth 
a eread from khe antenna system of the station as influenced. Bf Se eT pen ee atten tee 
radiated r-f carrier power, antenna directivity, and percentage of mou % " Bia dard Te 
tion on the carrier; (2) distance between the broadcasting "a Be - ts, Bers Standarde yout, 


ndent normally upon its primary coverage 
The primary service area of a particular station ean be most accurately 
of a field-intensity survey. A survey? of this kind 
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carefully shielded receiver equipped with an indicating meter 
output terminals to read carrier-signal intensity as induced in tJ 
antenna. The field-intensity meter together with the loop an’ 
carofully calibrated in their position in the measuring ear to give 
readings in microvolts per meter over a wide range of carri 
intensit 

72. Field-intensity Measurements. The procedure of making 
intensity survey consists usually of making frequent measui 
at satislactory positions (in free space) along radials progressing 
from the station. Hight or more radials at equal angular spac 
gencrally made about a point established on the field survey map 
broadeast station antenna system and extending to a signal imi 
of 500 my or beyond. Lach radial is then plotted on loglog e 
graph paper and mooth curve drawn through these points to 
directly the signal intensity along one ordinate, with distance al 
other. Later the values required are transferred to a map in tl 
of signal contour lines senting positions about the station 
field intensities of 100, , 2, and 0.5 my per meter exist, 
contour map for reference purposes also contains information 
(1) station call letters, (2) frequency, (3) antenna power and its 
tivity and other characteristics, (4) scale of map, (5) date, ete. 

Since fading occurs after sunset, these measurements are an ing 
of satisfactory daytime coverage only from the particular stati 
recommended by reports of the I.R.E.,! FCC, and the National 
tion of Broadeasters, values of standard broadeast field intensity 
sidered necessary for reliable broadcast service are given for three 
as follows: (1) 2 business city area where a field intensity of from 10) 
my per meter is required to override high interfering electrical noi 
overshadowing effects of large buildings, (2) a residential distrik 
city where a field intensity of 2 to 5 mv per meter is required, 
rural area where 0.1 to 0.5 mv per meter signal intensity is suf 
In addition it is stated that for fair service a signal intensity of 
the above values is needed and for poor service one-fourth of 
values. These figures are based upon the average signal inl 
necessary to override the noise levels of these districts. In large 
where large, tall buildings are numerous, a free space field inter 
as much as 50 mv per meter over the city may be necessary to 
a signal intensity at a particular receiving antenna between buil 
one-fifth of that amount. 

Since the primary service area includes nighttime reception as 
daytime, fading measurements are necessarily a part of the field-in 
survey in determination of this area, Fading measurements are 
with the same field-intensity measuring equipment used for the 
except that the field-intensity meter is equipped with a recording m 
meter (usually of 0 to 5 ma range) attached to the output of the 
intensity meter. A d-c amplifier sometimes is necessary to 
sufficient signal level to actuate the recording meter from the field: 
sity measuring set. The equipment is set up for periods of ti 
given distance and location from the station, and fluctuations in 


+ Report of Committee on Rav 


'o Propagation Data, Proc. I.R.E., 21, No, 10, 


fth annual report to the Congress of the United States, by Federal Cot 
tions Committee, gives tabulated values of field strength. 
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J intensity are noted on the continuou moving recording chart, 
plitude fluctuations as recorded on the chart indicate the amount of 
jing. Fading measurements of considerable periods of time and over 
wide area are neces: to determine the fading region about a 
yen station and to evaluate the secondary coverage area about the 


gation, particularly those designated as class I stations. 


ithe attenuation of radio w: 
fuuthemati 

al wav 

this expre: 


73. Calculations of Station Coverage. A mathematical investigation 
ves propagating over plane carth has led to 

ions which follow very nearly the characterist 
as indicated by actual measurements, A simplified form of 
ion requires the following information for a solution: (1) 


the frequency of the transmitted wave, (2) the distance from the station, 
onductivity of the soil in electromagnetic units, and (4) the induc- 
y of the soil in electrostatic units. 


Since the’ induetivity ean be 


sumption: 
al characteristics of the terrain 
late the contours. The value of o (the s 

y secured from a measured radial or taken from available field. 
measurements of some other station in the vicinity. The FCC 
ished charis showing soil conductivity over the United States. 


Provided measured values are not available, these may he used. 


Mienuation curves shown are derived from a 


the conductivity of a given soil can be 
Heruction of a particular signal, 
Wrting a given rad 


Meoincides, i 


Mhero ¢ = operating frequer 


For convenience the chart shown in Fig. 95 is given. It may be used 
leulate signal attenuation of standard broadcast frequencies. The 
implified form of Sommer- 
's attenuation formula.! With a single set of Sommerfeld curves to 
| the standard broadcast frequencies and soil conductivities, 
ather easily computed from the 
‘This is accomplished by first con- 
jial to an inverse field strength of 1,000 my at 1 mile and 
determining the frequency of the ground-wave curve with which 
i.., the conversion frequency. The conductivity is secured 
the soil-constant curve passing through the intersection of the 
ting and conversion frequencies on the conversion chart in the upper 
t corner of the figure. ‘The conversion chart has been prepared from 
following relationships: 


3 = standard conductivity of chart (100 X 107 e.m.u.) 
6, = actual soil conductivity 
Ji = conversion frequen 
1 
Sosnecureup, 


itung der Wellen in der, drabtlosen Telegraphic 
nd ungerichtete Wellenzige, J 
mer, rical Discussion of Son 
on Formula, Proc. 8, h, 
lotion of the ns, Proc. 1,R.B., 18, 
 Lckunstey, T. L., Direct Ray Broaden RB, 20, No. 
ober, Noxros, K. H., Propagation of Radio Wayes over a Plane Earth, 
1935; Propagation of Radio Waves over the Surface of the Earth and 
znosphere, Part I, Proc. 1.R.K., 24, October, 1936; Part I, Proc. LR.E., 
Fire, W. A., The Sommerfeld Formula, Blectronies, 9, No. 9, 


Annoup, 
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For example, assume a station operating on an assigned freque 
660 ke where the field strength radial, as plotted from measure 
follows the 1,500-ke curve.” Then, from the soil conversion 


ae = or oe 
= enuettion curves for soi! 
= | + ivity of = 
600 = TOE Seed onc ocuchvity 
‘N Tritt of 4e.s.u.~ inverse field 
400} q strengthat one mile = 1000 my 
300 Ni | F 2000 nba x) 
200) Ce 2 eesti 
i P1000} fh 
rT] 800K ast 
—| 2 § Ht 
5 tee te se ais 
Conversion frequency 
\ q CONVERSION CHART FOR SOILS: 
OT a 
20 - \ HI — 
14 A 
~~ 10L- 
a = 
2° 6 im 
2 TT 
- 4 t 
Bigs i 
3 
wig 4 
4 
1 Ltt 
08 
06 t 
04 HH 
03} —}— +4 
02} ; 
O44} ti 
Ol 


Distance, miles 
Me. 95.—Ground-wave field-intensity curves. 


the conductivity is very nearly 20107 emu, On the 
hand, if the soil conductivity is known, the signal attenuatif 
be determined from the conversion chart and the attenuation 
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of various frequencies. Since these curves are based on a field strength 
of 1,000 my at 1 mile, the actual signal at a given distance from a station 
js, of course, derived from the ratio of the actual signal intensity in milli- 
yolts at 1 mile from the particular station divided by 1,000, At consider- 
able distances from the transmitter these curves are subject to corrections 
for the effects of curvature of the earth, 

The curves in Fig. 96 refer to sky-wave intensities under various 
conditions of propagation, These are most useful in the determination 
of the fading regions about a particular station and are plotted to 
give intensities of reflected sky-wave intensity for different antenna 
dectrieal heights based on a signal intensity of 1,000 mv along the ground 
atl » from a given antenna, In this case the electrical height of the 


antenna in degrees equals 3.85 X 10-4/f, where J/ is the physical height 
— 
150100) aner) = 
60°) antennas 
%. es pa = 
IN 
—I,0 a 
¥) 
Nose | 


Sabet 


On ee 
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 
Distance between antenna and receiving location, miles 


Sky-wave propagation curves for antennas of various heights. 
Layer height = 100 km, reflection coefficient = 1. 


Tis. 90, 


{ithe antenna in feet-and f is the operating frequency in kilocyeles, ‘This 
tise on a velocity of propagation equivalent to 0.95 that of light. 
anllttsmuch as the attenuation eurves Of ground-wavo intensity (Fig, 05) 

‘so based on 1,000 mv at 1 mile, then the particular distance from 
“ee antenna where the sky-wave intensity, shown on curves of Fig, 
gt (als the ground-wave signal intensity of Fig. 95 is the distance 

mi tho antenna where one would expect to observe greatest fading or is 

“timate of the center of the fading band, Owing to the height of 

tuviside layer being other than 100 km and reflection being less 

{lnity, on which these curves are based, calculated distances given 

these curves are approximate, Measurements are required for more 
‘T},.lctermination of the fading region, 

ine service rendered by a standard broadcast station depends also 

<'orforenee caused by other stations on the same and neat-by ehan- 


This interference is greatly inereased at night because signals from 
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ation. The FCC has classified standard broadcast stations with 
ot to protected service contours and permissible interference signals 
accordance with Table TV. 


undesired distant stations are reflected by the Heaviside layer and 
received with varying intensities within the service area of a 
station, Following extensive survey work covering nighttime 
propagation over the period February to May, 1936, the FCC i 
report! wherein a great amount of information concerning sl 
propagation is given, In Fig. 97 are illustrated curves represent 


wick Conrours AND Prrwissrete INTer- 


yous IV.—Prorecren 
1s FoR Broapcast Stations 


FERENCE Sic 


average sky-wave field intensity (second hour after sunset) ] Soditteas i 
recording station. An. interfering or undesired signal existing cf area protected from | Perziaible inter 
per cent of the time has been standardized as an interfering | objectionable inter- ‘same channel 
aes - Class of | Permissible power, 3 
10 " a kilowatts || a 
os = vit Night, Day.t ight 
Volts per) microvolts | JHE" | microvolta 
02 lta per! Ther meter | Vols Per] Toe meter 
a1 £ fe a 
Clear oo) SC 100 Not duplicated 5 Not dupli- 
,, 005 AC 500 cated 
2 
HB (Clear 10-50 SC 100 | 500 5 25 
2 002) AG 500 | (50% sky wave) | 
& 00i-——— i | cant 0.25-50 500} 2,500! 1255 
oH Pre tings | (grourid wave) 
$ | MLA | Rogional 15 500 2,500 25 195 
= 0.002 — (ground wave) 
0.001 —}—|— — = MAB Regional |0.5-1_ per night 500 4,000 25 200 
: == and 5 per day (ground wave) 
00 W | Locat 0.1-0.25 600 | 4,000 25 200 
pel t t = | (growid wave) 
Te 
0.000) 1 Ground wave, SC = same channel; AC = adjacent channel, 
0 400 800 1200. 1600 2000 2400 2600 Ben’ warts intensity for 10 per cont or more of the time, 
Mil These values are with respect to intorfor from all stations except class 1-B, 
ies ions may cause interference to « field-intensity contour of higher value, 


Fic. 97.—Average sky-wave field intensity, 640 to 1190 ke. 


‘Thus, with the antenna sky-radiation characteristics of a given 
known,‘ it becomes possible to estimate the amount of undesirable 
ference it is liable to cause to another distant station. In the 
mination of interference problems, the FC has indicated its a] 
of ratios as follows in the protection of a desired standard broadcast 
signal against an undesired one, using an average receiver: 


les of the assigned center frequency assigned. Channels for 

£10 ke: spor ae gh aclcast stations begin at 43,1 Me and continue in successive steps 
20 ke: Reece See Bi ke to and including the assigned frequency of 49.9 Me. 

E liga" ling to Sec. 3.222 of the FOC rules, h-f broadcast stations shall 

‘nsed on the basis of an area in square miles within the service area. 

“ontour bounding the service area and the radii of same are deter- 

TRUUI Sw Likion Keone haat in aecordance with the FCC standards. On this basis, a h-f 


Standards of Good Engineering Practice concerning Standard Broadcast st station has a single service; that corresponding to the primary 
PCC Report 41831, June 29, 1940, 


Same frequeney....+ : broad 
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service of a standard broadcast station. Secondary, sky- 

intermittent, service is not recognized in h-f broadcast coverage, 
In FCC Report 41831 the standard of field intensity nee 

satisfactory service is given as follow: 


Taste V.—Service 


Median, 
Intensity, 

Area por 

City aroas near factories, car lines, or busy streets.....666-.cee00 D 


Rural areas away from highways... 


‘These figures are based on the absence of objectionable fi 
usual noise levels encountered in these areas and are not depend 
interference from other h-f broadeast stations, The chart of 
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eo 
Fic. 98,—Signal range for Meh-irequecoy broadcast si 
o =5 X10" o.m.u.; dielectric constant ¢ = 


may be found useful in the determination of the signal intensity 
from a given h-f broadcast station, The results obtainable 
on 2 signal intensity at » receiving antenna with an elevation 
The distance to the 50-zv per meter contour about a given 
dependent upon values of the transmitting antenna height, th 
power, and the antenna field gain. 


3 


The procedure in % the chart is as follows: Assume that therg: 
station with an antenna height of 750 ft., an antenna power of 500 Wi 
an antenna field gain of 2, To determine the distance to the 50-2v 

1 Standards of Good Engineering Practice Concerning High Frequene¥ 
Stations, FCC Report 41831, June 29, 1940. 
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tour, refer to the dashed horizontal line extending from the 750-ft. antenna 
ation over to the 45-deg. line marked 2 kw. ‘Then proceed vertically 
ward to a point midway between the curved lines represented as 1,000 
B00 {t.. Finally, proceed horizontally again to the loft to find that the 
ted range is 54.5 miles or the radius to the 50-uv per meter contour. 
procedure may be reversed to determine the power required for a given 
enna height to produce a signal intensity of 50 zv per meter for a certain 
ance. 
The additional power scales are useful in estimating the distance to the 
and 1,000-uv per meter contours. ‘The scale indicated by @ at the bottom 
the chart is used for the purpose of finding the distance to any desired 
tour. In this instance 
g=h xP! XG X (60/F) 
h = transmitting antenna height in feet 
pi = square root of the antenna power in kilowatts 
antenna field gain 
F = dosired field intensity in microvolts por meter. 
means of the above equation, @ may be determined, ‘Then the corre- 
nding distance can be determined from the chart by proceeding vertically 
that value of @ to the proper curved line and then in a horizontal direction 
the the loft, where the distance is given. 


In the consideration of objectionable interference from other stations 
the same and adjacent channels, the FCC Sec. 3.225(f), requires 
¢ proposed station shall not have interference to such an extent 
i rvice may be reduced to an unsatisfactory amount, For 
teason objectionable interference is considered to exist. when the 
ul for 50 per cent of the distance in any sector on a radial exceeds 
Hh my per meter at the 0.050 contour of the desired station. If it is 
isidered that a station is protected to the 1-my per meter contour, 
tionable interference oceurs when the signal for 50 per cent of the 
ice in any sector exceeds 0,1 my per meter. For other field intensi- 
the ratios in Table VI govern allowable ratios of the desired to 
lesired signals. 


1 median field intensity 
1 median field intensity 


nel 
The service contours in the eases above are determined by actual 
qurcments or by means of Fig. 98. 
igh-frequeney broadcast transmitters are normally located as near 
the center of the proposed service area as possible, A high clevation 
the transmitting, antenna is necessary to reduce the shadowing effects 
Propogation due to hills, buildings, and other obstructions in the 
area, ‘The position of the transmitter site is also dependent upon 
Purpose of the station, i.e., whether it is intended to serve a small 
*; 4 metropolitan area, or a large region. A suitable transmitter 
jay be made available by the use of a directive antenna, Where 
ective antenna is used, a centrally located station site may not be a 
Tuble one, As one may understand by studying the chart in Fig. 
= '¢ transmitter antenna height above the average elevation of the 
ce area is a consideration of greatest importance to secure optimum 
Tage with a high-frequency broadeast station, 
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Px = 20 logis 5,000P (4) 


pressures are said to differ by x db if 20 times the logarithm to the 

jsse 10 of their ratio is z, As inthe analogous electrical ease involving 
field strength or voltage ratio, this is valid only if the impedances are 
identical so that the energy is proportional in both instances to the square 
the respective pressures. For this reason Eqs. (2) and (4), in general, do 


SECTION 22 }got hold in more complicated fields, 
1. Speech. ‘The variation in conversational speech power with fre- 
c shown in Fig. 1 (after Sivian and Fletcher). The ratio of 
LOUD-SPEAKERS AND ROOM ACOUSTICS sec. peak to averaged power in 15-sec. intervals is roughly 20 db, 


overloaded amplifiers such as are frequently used in public address 


By Hues 8. Kyowus! tems, the ratio may be 10 db or less, This ratio is important in 


must be given both to the physical or “objective” properties Be ee 
sounds that are to be reproduced and to the psychophysi 
“subjective” processes involved in hearing. 


In the design and operation of electroacoustic devices, consid 20, = 


S 


. Sound is an alteration in pressure, particle displacement, or p 
velocity propagated in an elastic material or the superposition © 
propagated alterations. 

b. Sound is also the sensation produced through the ear by the alt 
described above. In case of possible confusion the term “sound 
may be used for concept (a), and the term “sound sensation” for cone 


° 
NS 


S 
ty) 
S 


| 2 


erage power, db 


In the case of a sound wave in air the pressure is alternately 
below atmospheric. 
‘The velocity of propagation, ¢, of a sound wave of small a 


¢ = 33,060 + 610 em per see. 


L 

Al Ril 

f Average poner Siecandinlervals Weimer ’ 
Maximum peak power in y second intervals 


5 |& Peak power exceeded in 2% of intervals 
where @ is the temperature in degrees centigrade. ‘The wave 54 * “10% » 
2 is given by the relation \ = c/f, where f is the frequency in -40 CE al aT ee 
geoond. The density p of dry air at 20°C. and at a pressure of 654 BOB 2616 523.2 1046 «2092-4185 «8370 
.001205 g per cubie centimeter, 
‘The intensity of a plane or spherical “free” sound wave (no ref 4 Frequency, cps 
in the direction of propagation is 


Rp 
=] 


Ratio of power per octave 


to total a 
eo 
s 


Variation of conversational speech power with frequency. (After 
tcher.) 


Sivian and Fleti 


2 
=> = 2.42 x 10--P? watt per sq em berature-limited loud-speakers (see Tests). ‘The distribution of 
per sq é No 
pe (RY with frequeney is brought out differently in Fig, 
Articulation curves which give a measure of the 
ech are shown in F 


where P is the effective sound pressure (dynes per square centime 
‘The standard reference intensity is 10 watt per square cen 

‘The intensity level in decibels of a plane or spherical free sound W1 

the direction of propagation is 


Ty, = 10 logic 2.42 X 10°%P? 


‘The standard reference pressure is 0.0002 dyne per square cen 
Ina plane or spherical free wave the intensity is proportional to the: atic 
of the pressure. In this ease the pressure level in decibels of & gibility, 
: From Figs. 2 


wave is defined as 


1 Jensen Radio Mig. Co. 
+ American Tentative Standard 224.1, Acoustical Terminology. 
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ps are roughly logarithmic. Some change in quali 
Ne oa eee shots Bon eae Sirens’ ‘The transmi 

he er cent articulation points at each end. This of natural sounding speech and noises which accompany it therefore 

Soars te ee te none fecuinarient. peas to: require the transmission of all frequencies from 100 to about 

0,000 eye 


i het, Sees 
100 2, Music. The popes distribution of the maximum and most 


system in which speech articulation is important, the transmission 
= sometimes limited to from 600 or 800 to 4,000 cycles, corre: 


0 L | | 
10 20 ~©-40 «©0100. «200 ©=400 «7001000 2000 4000 
Frequency, cps 


re 
S 


Jyrobable peak powers for a 75-piece orchestra is shown in Fig. 4 (after 

& Mletcher). The curves are based on average measurements of four 
8 60) f } [elections which gave whole “spectrum” peak powers from 8 to 66 watts 
e All ‘B-All frequencies above ail averuge powers of 0.08 to 0.13 watt, Zero level corresponds to an 
3 “"| abscissa removed serage power of about 0.1 watt. As in the case of speech the average 
260 4 - over nee intervals is about 1 per cont of the peak power in 
= | intervals, 
= 
fy en Se td 20 T 
& | 2 p 
oS 3 10 c 
T= 5 1 
ue 4 : 
5 0 
B | 

& 

§ 

S 


Ratio of power per octave 


Fic. 2—Speech power variation with freaueney. (After Fletcher) 2 20 ae ian 
Articulation and naturalness are not to be confused. By suce 3 i eee peak powers ins ec.inkervals 
raising the cutoff of high-pass filters and lowering the cutoft requ B-39 . Most probable peak powers in 'ysee: 
low-pass filters, each by a barely perceptible amount, Schiifer 2 Total average power =O.]watHapprox)=Odb 


~40 a a RN 
327 654 BOB 2616 5252 1046 2092 4165 8370 T6M40 


100 
Frequency, c ps 
+20] a ee Variation with frequency of the power output of a 75-piece orchos- 
Hy “All aqientis z tra. “(After Pletcher.) 
5 below absci } the power output of various musical instruments is shown in Table I. 
60) t * buss drum may radiate over a third of the peak power of a 75-picce 
s ie The large peaks in the 20- to 62.5-cycle range of the organ 
iS i, “ell known to recorders and electronie organ people who find it 
3 40 “able to use I-f stops which are “rich in harmonie development” and 
2 “fore sound much louder without badly overloading the record, 
<= und speaker. ‘The 15-in. cymbals follow the drums and organ 
20|——}— 7 \ 7 ly in peak power output with 9.5 watts. Their maximum peaks 
| y | Hin the 8,000-to 11,300-cyele range. Transmission systems having a 
= | a a listorted” frequency characteristic which includes a marked rise 
100 700 400 _100 1000 2000 4000 7000 M000 jonse in some part of the system (such as f-m and television 
Frequency coe mitters) are frequently overloaded by t 


Fic. 3.—Variation of articulation with transmitted frequency range 
Pletcher.) 


that the required transmission band for natural speech reprod 
includes some 32 to 36 minimum perceptible changes in band 


1 , E., The Audibility of Variations in Frequency Band in Spe 
jssiont Blek. Nach-tch., 18, No. 8, 297-240, August, 1938, 
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Taste I. Peak Powers iv Music Tanz I. Peak Powers ry Music.—(Continued) 


Field pressure, Field pressure, 
dynes per_ dynes per 
square centi- saquare eenti- porte 
Microphone porition | __™*t*™ movers | Tota | Pet | band cone 
Instrument snd sovampt ei peak 
converting to total i Aver-| Peak | Bower, 
‘sound power vals sound power age in| in | watts 
| Losec. Hee. 
inter | inter- 
| ‘val | “val 
A Pays ee * j | ¥ 7 
Bass drum, 36) 3 ft. in front, on axis. | 99.0 |1,260.024.6 | 6.0 | «| As for trumpet 1.6} 25.6] 0.055 | 1.0)  700- 1,000 
X Win. Radiation oneaed | | | | 1,400- 2,000 
tova cylinder having | = = 
Srura dlameter .. | As for trampet 2.2| 30.8) 0.084 2,000- 2,800 
6 as abo ~)35.0 | 980.0/13.4 1.0 -|10-ft.distanee. Room] 2.6] 23.4) 0. - 
me fo 30 | Same as above 35.0 i 299°x% 29 % 13 ft. 267 250- 500 
Bi Reverberation time 
sn aD | 6 365.0)11 2.5 sec., 60-4, ~ 
Snare drum. Mu 365.0/11.9 average of 3 methods 
| 6 ft. from nearest in-| 7.9 126. I 
etfumenta i sae 0} 9.0 1.5} 250-500 
ie | room as piano, Av= 
to hemisphere erage of 2 methods 2,000- 2,800 
-) Bt. distance. Peak| 18.0 | 360.0/9.5 | 7.5 
cymbals. LR gate 15 ft. from nearest 4.6 | 129.066.5 1.0 | — 250- 
PS for Ufc ae strument in theate 8,000-11,300 
jintion to | — — 
pe cee ine | ri age di eg 20.0 90.0)12.6 36.0 2 62.5 
‘Triangle, .... .| B-ft. distance. Con-| 2.3 25.8) 0.05 1.0 sumed uniform over 
‘version 8 for cym~ 4 sphere 
bals u 
fiol, .. 4.2| 37.8] 0.156 4 . . 4 
Bam v audible frequency ranges of many musical instruments are shown 
| ;} (after Snow). ‘The vertical ruled portions indicate the frequency 
- a ~ - h whic 101 i ii 
Bass saxophone | 3-fé, distance. Radi-| 4.1 | 58.2) 0.288 | 25.0 he ehinatee eran laying of the instrument occur. 


‘ation confined to 
hemisphere 


BBp tuba... Ht, distance, Cone \"s.4| 43.2) 0.206 | 17.0 y 
Version: made from | y of u rum diate ex 

Tepeurements, with oises (reed, bowing, key, and others) is improved by eliminating the 

complex. sound rang 

‘source attached to a . 

horn of similar size | 


Trombone..... Bt. distance. Con- 

version as for tuba | 
‘Trumpet.......|3ft. distance. Con-| 8.6 | 54.2) 0.314 | 18.0 Beit ' 

version ss for tube Slee J 4 jury of 10 and an 18-piece orchestra, are shown in Fig. 6 (after 
Saarinen aaa eaoed Ta | ro oss . Considering the many variables involved, the maximum and 


B deviations from the curve were surprisingly. small. 
Cink... -|Aafor trumpet | 8.8] a6.4| 0.050 6.8 | BO. ofthe obsavers thas dus quality inivored tapiaiy os ihe 
i ve Finge was extended to 80 cycles and the upper to 8,000 cycles. 


its been found experimentally that, if the transmitted frequi 
is to be restrieted, good balance between low and high frequencies 
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of the reproduced sound, it is desirable to know the energy dis- 


may be obtained by so choosing the range that approxim: 
degradation in quality occurs because of loss of low and high fi 
For reasonable degradation the product of these two freq 
roughly 640,000. The square root of this product or the geome 
of these frequencies is therefore roughly $00 cycles. A syste 
mitting more octaves below 800 cycles than above usually 


— Actual fone range 
Accompanying noise range 
© Cutoff frequency of filfer 
detectable in 80% of tests 


10 20 4 10100 200 400 400019000 20000 
Frequency, cps 
6. 6.—Variati quite of reproduced orchestral music with transmitted 
irequency range. (After Snow.) 


fll be discussed under Room Acoustics. Since a common type of 
and in musie is a damped sinusoid, corresponding, for example, to the 
and output of a plucked string’ instrument, the spectral analysis 


E13 ees Oe 
roo 


Plt)" poe “coat 0£t200 
pit)0 t<0 


40 60 100 200 500 1000 

Frequency,cps 

Pra. 5.—Audible frequency ranges of some musical ifstruments 
(After Snow.) 


a=/00 


“heavy,” “thick,” or “drumm Likewise a system  trat 
more octaves above 800 cycles than below will sound “thin” or 
‘This assumes flat response in the range and similar cutoff cha 
‘A sharp cutoff at one end will inerease the apparent output at 
because of the transient response which accompanies such a € 2 ener 0 | Wy o> 
ak in either range will increase the steady-state and transient ® b dittoren eee aon, with frequency for two isolated damped sinusoids 
in that region. This can be only partly balanced by added lecay, values of « the same in the two sets of curves. 
the other rang: 
In considering the problem of reproducing sounds in @ 
cluding the effect of the room at the source of sound a” 


& Relative pressure function of angular frequency 


bo waves with different rates of decay is shown in Fig. 7, Any 
wave train of this type contains energy which covers an infinite 
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884 TH. 0 ENGINEERING OK LOUD-SPBAKERS AND ROOM ACOUSTICS 


frequency interval. By snalogy with the optical case the spect) Tasie TI. Norse Levers 


said to be a continuous or band spectrum. 
‘The highly damped wave contains appreciable energy at freqi : 
differing up to from 20 to 30 per cont from the frequency of a corre Presouro, | Noise level, 
ing undamped wave, As the rate of decay is decreased, the ways dynes por | “Shove ‘Type of noise 
contains more energy, and an increasing amount of this is concent centimeter | Teference | 
near the undamped frequency of the wave. In the limit when the | threshold. | 
decay is zero and the wave has existed for an infinite length of , | = 
when we have a steady state, the band spectrum degenerates into 630 F threshold 
spectrum with all the energy concentrated at the undamped frequ 2 ano=-1,600 rpm, 18 ft. 
of the wave. Beer tasters. © oe 
The fact that music and speech are not of a steady-state chi laced eee 
but vary from instant to instant (and therefore have a continuo Heavy traflio—15 tt,” 
tribution with frequency of their energy) substantially aids their Averige truck —15 fi, 
factory transmission in a room (see Room Acoustics), beep t eeaN 
8. lioise. Noise is an “unpitehed” sound composed of a Department store 2 
number of discontinuous, non-periodic sounds, ‘Therefore the ener Averaue olnice 
noise is distributed in a’ continuous manner with frequency, A Cee ee 
for example, closely approaches the hypothetical pulse which I Benitle whiser—3 ft. 
an infinitesimal length of time and the energy of which is continuo 
and uniformly distributed with frequency, A noise may have 0 
more broad peaks in its band spectrum, but a sharp perk indi 


Sravreo 
bin tom mies 
XAXXXXX aoe BSS: 


Threshold (for street noi 
nearly periodic disturbance which will give the noise a definite piteh 


‘The properties of noises are of some importance because (1 
proper reproduction of intended noises may enhance the dramatig 
tw 


he reproduction, (2) the ambient noise levels in studios or hall 
in rooms frequently limit the dynamic range at the “pickup 
“playback” points, and (3) they influence the response of the ear by’ 
ducing masking or artificial deafening. 

The reproduction of most noises requires the transmission of sub 
tially the entire audible frequency range, For this reason no 
frequently used as test material in high-quality systems, ‘The fi 
ranges of footsteps, hand clapping, and key jingling are shown in 
‘These indicate that it is particularly important that all the upper au 
frequencies be transmitted, 

The intensity level of various representative noises is listed in Tal 
In urban locations, particularly in large buildings, the ambient 
level in moderately quiet rooms 'is of the order of 45 to 60.db, ‘This 
level is high enough so that even in specially treated broadeasting sl 
it frequently limits the dynamie range of the transmitter, : 

Even in relatively quiet residential sections the ambient noise 
in a typical listening room is high cnough so that it, too, places # 
limit on the intensity of the sound required to overide the noise. Lit 

4. Hearing. All the data contained under Speech, Music, and 500 1000 
which were obtained by the use of a sound jury or listener involv@ Frequency, cps 
sensation produced in the listener by the designated source of 800 
All tests of this type depend to some extent on the techniques emp 
and, of course, on the observers, All similar tests are of prineipal Wag) sc" 

ca 


Ss 
s 


a 
s 


n10 “watts per sq.cm. 


when the jury is composed of a large selected sample with known Thai 

characteristics. Frei 
One of the most important properties of sound is its loudness. 

has been found to vary with both the frequency and intensity 

sound. To a rough approximation it has been found that in the 
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frequency range equal percentage increases in intensity produce 
eee in Teadnaes, The loudness is the magnitude of the he 
sensation and is assumed proportional to the number of nerve i 
reaching the brain per second, 

The loudness level contours for a sample of 200 ears are shown in 
(after Fletcher and Munson). ‘These curyes were obtained by 
nately listening to a sound of arbitrary frequency and_intensit 
comparing it with a 1,000-cyele tone the intensity of which was 
(null the two were judged to be equally loud. At. 1,000 cycles th 
the loudness level of the sound corresponds to the intensity level 


5, 
S 


Intensity level, db 


i 


Intensity, watts per sq.cm. 


io 20 


1 0 

as | 

20 100 1000 10000 
Frequency, cps 


Fra. 9.—Threshold of hearing curves for large population sample, 
centage figures indicate percentage of sample tested having a hearing 
old lower than the corresponding curve. (After Beasley.) 


this is the reference test frequency, ‘The intensity is that whieh 
in an undisturbed sound field before the listener is immersed 
‘The observer faces the source and listens to the sound binaurally. 
plotting the differences in minimum audible field intensities for 801 
normal and random incidence found by Sivian, we obtain the 
curve in Fig. 8. This indicates that the other contours for so! 
random incidence would also be more regular, 

ntly reports have been made by Beasley on a sample of 16, 
Some of the results are shown in Fig. 9. ‘The curves show the pe 
of the sample tested which had lower thresholds of hearing 


indicated value. For example, the solid curve marked 50 per cent) 


cates that 50 per cent of the ears tested had thresholds of hearing 
to or better than that indicated by this curve, From these data 
that the Fletcher and Munson threshold curves are for ears in the 
1 per cent of the 16,000-ear sample, and that, hearing deficiene 
prevalent enough to justify their consideration in equipment desi 
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‘The loudness or apparent response or transmission characteristic of a 
tom emitting a pS free sound wave of three constant intensity 
jevels is shown in F . loud sound (constant 100-db intensity 
jovel) seems almost equally loud from 30 to 6,000 cycles. A sound of 
moderate intensity (constant 60-db intensity level) is inaudible below 
jos and inereases in loudness rapidly up to’400 cycles. In the 

«nee of noise, masking would substantially reduce the loudness at 
w intensities, ‘The l-f characteristic varies much more rapidly with 
intensity level than the high and for this reason compensated volume 
‘ontrols are designed to have their maximum effect at low frequencies. 


100000-—— 
710,000; - ‘beat level =/00db, an 
40,000 


20000 - - lab 2s 


19000} —}—| - ae? 
700} —| 1-7 
4000}? | | ef. 


Loudness numbers 
=S 8S 
83 8 
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200}-— aati! 
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10 2 40 70100 200 400 70010 4000 10000 
Frequency,cps 


Fie. 10.—Loudness variation with frequency for three pare tones of the indi- 
cuted intensity showing reduced loudness of low intensity I-f sounds. 
Hshould be noted that the intensity-level compensated characteristic 
urely arbitrary thing and, although it is considered superior by 
ine, it does not correspond to our normal experience, In practice, when 
80 some distance from the source, the low frequencies “drop out.” 
0 an orchestra plays at low intensity, we get the same effect. 
M's ;ctget of noise ‘on hearing is to produce artificial deafness or 
asking.” ‘The nature of the apparent deafness which results depends 
nig Spectral composition of the noise. Many noises produce fairly 
orm deafening or masking, ‘The effect of moderate noise levels is to 
tease articulation, ‘This may be largely compensated by raising the 
sity level of the sound, 


LOUD-SPEAKERS 


‘4 loud-speaker is a device which is actuated by clectrical signal enerey 
Tadiates acoustical energy. into a room or open’ air, ‘The ehorver 


883. 


term spe 


migrophone results. 


The sel 
be guides 
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aker is used when no confusion with a person addi 


lection and installation of a speaker as well as its design 
d by the problem of coupling an el 


efficiently as possible to an acoustical load. ‘This involves the 


mination of the acoustical load or radiation impedance and sel 


of a diap! 


to an electrical signal source, ‘The performance of the speaker is 


Radiation resistance and reactance per sa.cm. mechanical ohms 


Fic. 11.—Radiation resistance, reactanes, and mass per square cent 
of a flat, rigid piston vibrating’ in an 
Piston radiates into a solid angle, 2 = 2m steradians (hemisphere). 


ey connected with the nature of its acoustic load and should 


hragm, motor, and means for coupling the loaded loud. 


Frequency, cps for !2"speaker (I0"piston) 
30 50 100 300 500 000 
rari 
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2k. =1833x10" Rf or fin ke for Rof SA7ems (-5$peaker) 


considered apart from it, The nature of the radiating, sy: 
therefore the acoustic load impedance it sees, is primarily det 
space, acoustical environment, and cost factors. ; 

6. Radiation Impedance. When a vibrating diaphragm is 


contact 
impedan 


uled the radiation impedance, 


resistive 


or reactive part is usually positive, and the correspondin, 
may be called the radiation mass. ‘The radiation im 


ith air, its bapedante to motion is altered, 
ce seen by the surfaces which emit useful sound energy 


part is called the radiation resistance. ‘The radiation 


lectrical signal sous 


nfinite, rigid non-absorbing 


By analogy with antenna syste! 


apparent 
lance seem 
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diap 


Single Piston. 


madintes 


10, 
08} 
06) 
04 


n by a flat cireular piston vibrating in a thin 
infinite plane or baffle in air is shown in. 
sound wave ) exceeds the circumference of the piston, 2rf, 


hragm depends on its size, shape, the frequency, the acoustical 
vironment, and the mediwn into which it radiates, 
6B. The average radiation impedance per unit area 


rigid, non-absorhent, 
ig. 11. When the length of the 


88 8888 eee 


Double peak excursion, in. 


U 
20 + ©40 6080100 200 400 8001000 
Frequency, cps 


‘Total displacement required of diaphragm of indicated size to 


. 12. 
Fadinte one watt. 


Solid curves for pistons radiating into a hemisphere at 
low frequencies where the radiation resistance is proportional to the square 
Of the frequency (2#R/) less than about 1.4 in Fig. 11). Dashed curves for 
Yonstant radiation resistance of 41.5 mechanical ohms per square centimeter 


exponential horn value well above horn cutoff frequency). 


n resis ' 
Pl. This variation in velocity with frequency is usually obtaine 


placing the fundamental resonant frequency of the diaphragm an 


Wotor near the lowest frequency to be transmitted so the system has 
the’ reactance or is “mass-controlled” in this frequency range. When 


© Wave length is less than half this value, the resistance is very nearly 
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41.3 mechanical ohms per square centimeter and the diaphragm beng plane or baile Y without alteting the tmpedanes sean by enw 
Virtual) is efficiently ecupled to the air (see Diaphragms, Size) ofthe pistons, With Y in place we may remove pa 3, 4, and pistons, 
Hee ee et eRe the odiited wave wctacds die cirpnterea {2 will continue to see the same impedance. The sound wave reflecte 

_, When the lengu Fp teach side of the diane the plane corresponds exactly to the wave whieh would come from 
igton; de als fanvoesee eee et ealinces ee Ov hone baa phragms 3, 4 and therefore the plane is said to have created “primary 
y appl ly ; y base (by analogy with the optical ease) of diaphragms 1, 2 which 1, 2 


* Jaap 8 oF ie n mages | r} “) os 
fee bear gee ais 8 es Ren, sade. A dig fannot distinguish from the real diaphragms 3,4. Similarly the plane Z 


reactance decrease and app 
zero for infinite frequency. 

7. Mutual Radiation Imped 
When a sound wave radiated 
one surface of a diaphra, 
cess to another surface of the 
diaphragm or toa surface of 
diaphragm, there is said to b 
pling between the surfaces. 
sideration is mutual 
impedance is simplified by 
attention on what occurs at 


Fig. 13.—Primary images 2, 3, 
and 4 of piston 1 introduced by 


planea Xvaedze phragms to the velocity of th 


phragm itself is the meel 
impedance seen by the diaphragm due to the other diaphragms, 
call the total mutual radiation impedance. 
‘The total radiation impedance seen by a diaphragm is the sum © 
self- and the “mutual” radiation impedances. The acoustic pot 
radiated by a diaphragm is 


We = (rs + ru)V* X 1077 watt 


where rs = real part of self-radiation impedance (total) 

rw = real part of mutual-radiation impedance (total) 

V =rm-s diaphragm velocity in centimeters per second. 4 ni tons and reflecting planes on radiation 

Note that the velocity appears as current would in the correspo be rod with the sume lottor seo the samo radiation 

electrical equation, The, Haphragm displneement is Ve, w 

the frequency. .¢ total displacement of various diaphragms ala F 2 
te vaditte wate is shown itt Fig. 12, ‘These curves clearly shi be introduced and pistons 2, 3, 4 removed, lea 
need for large diaphragms if appreciable low-frequency power 18 

radiated. 

By knowing the self- and mutual radiation impedances of diaphf 
mounted in a single infinite baffle, we can determine the imp 
affles are added. In Fig. 13 assume four P 


Bae 
mn 


i ¢ 1 looking into its 
‘nal impedance, In all cases pistons of equal , Vibrating in phase 
e same amplitude in infinite, rigid non-absorbing baffles, are 

The relations hold approximately when the baffles are a 

give length.or more long. Finite impedance of a baffle may be treated 
Assuming reduced amplitude of the image to account for absorption 
a change in phase to account for the reactive part of the impedance. 

© principle is readily extended to multiple sources of arbitrary size, 

®, and displacement such as occur in vented enclosures, labyrinths, 


seen when other 
(1, 2, 3, 4) mounted in the X-plane. Because of symmetry. 
net sound flux through the plane Y since for every positive 
(2) component from pistons 3, 4 there is a negative component dowm the lik 
from pistons 1, 2. We may therefore introduce the rigid, thit sr 
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Several piston combinations are shown in Fig. 14. _All pistons ma 
with the same letter see the same radiation impedance. The ratio 
radiation resistance and reactance seen in each case to that seen | 
single piston A is shown in Figs. 15 and 16 (after Klapman). ‘The 
impedance is therefore obtained by multiplying the ordinates of 
or 16 by the corresponding ordinate of Pig. 11. The letters on the e 
correspond to those on the pistons in Fig. 14. 

Values of the ordinate less than 1 indicate the piston sees less re 
or reactance than it would if alone in a single infinite plane, 


Frequency, cps for I2'speaker (I0"piston) 
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SEE = 1.833 x10 "RE orf in kic.forR of Stems eSspeaker) 


Fie. 15.—Ratio of radiation resistance seen by a piston in the 
one ot more others (real or images) vibrating with o 
phase to radiation resistance it would see alone radiating into a hemisp 
ignating letter of curve is same as that of corresponding piston in Figs 
(After Klapman.) 


occurs when the time delay in the wave from one diaphragm 
frequency are such as to give out-of-phase components at. the other. 
Higure 15 shows that the radiation resistance ts increased by the I 
factor and over the greatest frequency range when each diaph 
close to all others as possible. At low frequencies the group then b 
as a single large piston. Figures 15 and 16 show that the 
resistance inereases much more rapidly than the reactance as 
(or their images) are added. ‘The exact improvement in efficiency: W 
results depends on the impedance seen looking back into the 51 
diaphragm but a typical speaker efficiency is increased by a fa 
nearly 2 (3 db) for case B and 3.2 (about 5 db) for case C. 
indicates qualitatively the improvement gained by operating a spe 
at the intersection of the floor and wall and in a corner, respecti 


22] LOUD-SPEAKERS AND ROOM ACOUSTICS 


For a given diaphragm amplitude one speaker in locatic 

will radiate two and four times as much L-f energy, respectively, as one 
in location A. The radiated power for constant amplitude is therefore 

jortional to the square of the number of actual diaphragms. ‘The 
fadiation resistance at high frequencies is not improved by the use of 
additional speakers. A group of speakers therefore has better low but 
no better high response than a single one, and they therefore sound as 
though they had relatively less high response. Except for cost reasons 
multiple speakers are usually preferred to a single speaker with the same 
size motor because (1) the’small diaphragms are lighter per unit area 
than a large one of adequate rigidity, giving better efficiency and high 
response; (2) the angle of individual speakers may be adjusted x moderate 


Frequency, cps for 12"speaker (10"pis 
pp 80_80- 70.80" foo P59” PD 


Cc 


Ratio of radiation reactance ormass 


0. 
‘Cras a2 0s 0405-06 Oe TO 
2ER «1833410 ‘RE or Fin ke. for R of S47ems.(-Sspeaker) 


Tia, 16.—Ratio of radiation reactance (or ee seen by a piston in the 
Presence of one or more others (reul or images) vibrating with equal ampli- 
ule and phase to reactance (or mass) it would seo alone radiating into a 
hemisphere. Designating letter of curve is same as that of corresponding 
diston in Fig. 14. (After Klapman.) 


Amount to give a good h-f directional pattern without injuring the lf 
Fesponse; (3), improved reliability, since failure of a single unit usually 
loes not seriously affect the performance of the group; and (4) the 
femperature rise of each voice coil is reduced. 


MULTIPLE LOUD-SPEAKERS 

Some of the numerous advantages of multiple direct-radiator speakers 
Where these all cover the same frequency range are discussed in Art. 7, 

lutual Radiation Impedance, above. Maltiple-speaker systems in 
Which the speakers cover cor uplementary frequency ranges also have 
ft rtain advantages and widely used, The more important advan- 
‘ges are (1) improved frequency response, since each type of unit covers 
{ moderate range; (2) higher system efficiency, for the same reason; (3) 
fuProved directivity characteristic, since the diaphragm (or horn mouth) 
lor the highest frequency range may be made relatively small (see Figs. 
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17, 17a, and 17b); (4) improved transient response, since man; 
artifices used to obtain extended frequeney ranges in single units 
the transient response worse, particularly at high frequencies; (5) 
intermodulation, since large amplitudes are confined to speaker repy 
ing low frequencies; and (6) reduced frequency modulation which 
when a single diaphragm moves with large amplitude with respect 
listener, thereby altering the frequency (due to the Doppler effect). 
on Directivity. With rising frequency the radiation fi 
rigid piston becomes increasingly concentrated on the axis, as sh 


430; 
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Souno Pressure on Axis 
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7,—Eiffect of concentration of radiation on piston axis at high 
juencies for the case of pistons radiating constant fotal power (top curves) 
the case of constant pressure response on the axis (lower curve: 
of cone flexing the concentration is less marked in actual diaphragms 
the equivalent piston diameter at high frequencies approaches about 
tenths the ‘actual cone diameter. 


response must rise appreciably at high frequencies, 

relative response with angle up to the angle for which the first mini 

occurs is shown in Fig. 17a, The response on the axis has been 

trarily adjusted to the same reference level in all curves. At high 
nencies the effective area of an actual cone is reduced by flexing, 50 

tl ey of actual cones is somewhat less than that shown for 

piston. 
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‘Typical directional curves for 6- and 10-in, (designating size) speakers 
gro shown in Fig, 17b, ‘The axial response is assumed equalized to give 


Vig. 17a.—Variation in relative response with angle up to the angle for 
h the first minimum occurs. The response on the axis has been arbi- 
ly adjusted to the same reference level in all curves. 


w 
trai 


flat response and the relative res} 
directional curves for a 6- by 9i 


se for other angles is shown, ‘Typical 
(designating size) elliptical speaker 


60' 1594 60 \\n 
Yoincirculor tH ee 

edie 288 8858 S22 8 BE EG 
Frequency.c.p.s Frequency,c.p.S: 


_ Fig. 17b—Experimentally determined directional, characteristics for two 
circular and one elliptical diaphragms. The elliptical diaphragm has the 
broadest characteristic in the horizontal plane when its major (long) axis is 
Vertical, 


Are also shown, ‘These show that the directional response of this elliptical 
Speaker in the plane of the minor or short axis is roughly comparable to 
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ted at low frequencies, Partial reflection of the return wave also 
gecurs at the diaphragm unless the impedance looking into the diaphra; 
sound chamber) equals the characteristic impedance of the infinite 
‘n. This requirement can be met over a wide frequency range only 
with very efficient motors. These reflections result in maxima and 
minima in the throat im nce of the horn which become more severe 
horn mouth is made smaller, The actual cutoff frequency of most 
gsponential horns is about 20 per cent above the theoretical. The horn- 


. Horns, A horn 

couple the impedance it 
ciently as possible to the load it sees looking 
‘The small end of a horn is ealled its throat, the large end 
its mouth has an infinite flange or baffle, the radiation impedanee it 
is approximately the impedance given in Fig. 11. If there is no fl 
the radiation resistance is half and the reactance approximately sev 
tenths this value at low frequencies. At high frequencies the fl 
does not alter the impedance. 

Exponential horns are usually employed because they provide 
efficient coupling at low frequencies. ‘Their cross-sectional area v1 
exponentially with length and is defined by the following relation: 


S = Sem 


where S and So are the areas of plane section normal to the horn 
at a distance x from the throat and at the throat, respectively; m 
constant which determines the rate of flare and theoretical cutoff 
quency; and ¢ = 2.71828. Curves showing the axial length of the 
for different area ratios and cutoff frequencies are given in Fig. 18. 

‘The impedance per unit area seen at the throat of an infinitely 10 
non-absorbing horn is 10! 


rie ed Beet 


r=) 
A 


‘Theoretical cutoff frequency, cps 


8 


aa ame Ry TTL, la ere 
= jt, = ale Ey od X72 , Distance between areas A, and Az, inches 
Re Ts ae oy 4a? +796, Fie. 18.—Distance along exponential horn axis between area ratios indi- 
ated on curves for theoretical cutoff frequency given by the ordinate. For 
where p, ¢, and m have been defined and w = 2 times the fre ‘xumple, the area of a 70-cycle horn doubles every 11 in. and the area of 
‘ o co yan impalanes seer ay the Teanangite Aga, wher 100-cyele horn increases 20 per cent every 2 in. 
is the diaphragm area, assumed equal to the horn throat. area. i a i a 
radiated acoustic power Ia, assuming no absorption in the horn, is ae see ne ees ae le pact come 
‘ aaa -If the impedance seen by the diaphragm and given by Eq. (7) is not, 
We = Vida X 107 = VieocAa X 0-7 1 — 75 watt high enough, an air “transformer” or sound chamber is used to increase 
de it. The horn throat i hen made aller ieeiae diaphragm. #f) low 
F ity. i behav frequencies the impedance seen by the diaphragm is increased by a 
ee a cae ieee as dace Tha ecponsntisl hooey factor (A4/A.)?, where A; is the throat area, To maintain the radiation 
less than me/2 and rapidly approaches a constant at higher frequenci fesistance seen by the diaphragm up to high frequencies, the sound cham- 
Tits themotical onto hrecaenry safe =mc/ae Jer is usually divided in some manner or made narrow to avoid cancella- 
In a horn of finite length the outgoing wave does not see a Bor efisota. Zo. 0b: th a ae a eae can ee 
i ae . ve this are shown in and 20. Figure 19 shows a dome- 
impedance, at the horn mouth, equal to the characteristic shaped disph a . ete clover slota,” egure 2 
of the infinite horn unless the length of the wave is approximately Biaped diaphragm: and s series of conoanteis cireclar Sots. 7 ihe di 
: i : ti 3 an annular trough-shaped diaphragm which minimizes the dis- 
thirds the mouth diameter, or less. The wave is therefore pal nee from any part of the diaphragm to the eireular exit slot. 
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From Fig. 11 we note that a diaphragm looks into a radiation 
ance of about 42 ohms per square centimeter when the peripheral 
of the piston is more than twice the length of the radi ted 


and they are made more directional by increasing the mouth diameter, 
fot by the horn longer. Minor effects occur at high frequencies 
sound fat may usually be neglected compared with the L- effect. 


(rk greater than 2d), This corresponds to frequencies higher than 

nd £000. ops for'10- and O-in, speakers, respectively. “freer ail F meet eae 

wo note that this is also the maximum resistance seen looking im 19. Principle of Operation. ‘The diaphragm is the part of the speaker 
exponential horn unless a sound chamber is used, ‘This accounts for shich couples the radiation impedance to the speaker motor, In the 


hornless or direct radiator speaker the force exerted by the motor 
lized, and this must be transmitted to the acoustic load which is 
sp! over a large area, To do this effectively and to add as little as 
jossible to the impedance, the cone is made as rigid and light as possible. 
The usual conical diaphragm may be thought of as a continuous 
mechanical transmission line radiating acoustic energy from each ele- 
ment of area. Radial waves which travel from the driving point to the 
edge and are reflected and circumferential waves which travel around the 
one, both occur in various combinations depending on the “mode of 
vibration 
he lowest frequeney mode and the simplest one is the one in which 
the effective radial wave length of the cone, including the edge termina- 
tion, is one-quarter wave. (This must not be confused with a quarter 
wave length in air at the same frequency.) At this frequency, which 
ranges from 700 cycles in large to 1,400 eycles or more in small cones, no 
circumferential wave is present, and all parts of the cone move in phase. 
pe cieplaecnant @ maximum at the apex and a. mainisnum at the 
fact that the addition of a h n a xible annulus w supports the outer edge and terminates the 
halts the eidonee roie Dane oe ooo F000 oe iransmission line. » The impedance of this termination plays an important 
on the diaphragm size. This added efficiency is obtained’ down fart in the diaphragm: behavior, especially at frequencies near the funda- 
frequency from 10 to 30 per cent above the theoretical cutoff fi mental resonance of the diaphragm and motor and in the 1,000- to 2,000- 
of the horn, Below this the efficiency may be lower than it wor rele range. 
the dlephregni webs ah. latgs baflla & be cet elect fs toinak aa At frequencies below the lowest mode of the cone itself all parts of the 
sound more efficient but relatively deficient in high-frequency fone move in phase, and the cone behaves approximately as a piston 
2 unless the annulus stiffness inereases rapidly with displacement, in which 
fase the cone may flex at even very low frequencies. The annulus is 
irequently made this way deliberatel; expensive speakers to produce 
distortion of low frequencies and substantially increase their loudness by 
tadi: most of the energy at harmonic frequencies. Unfortunately, 
intermodulation of low and high frequencies then also occurs, which 


hj 
we Z| OA Kacee. : h end sound rough or garbled when a strong low’ note is 


yproximately the “cone” size where this is defined for a circular cone as 

the diameter to the nearest quarter-inch of the minimum circle deter- 

Tined by the tangency of the cone and a plane_touchi ay its base.”! 

Fi, 20.—Cross section of annular V-shaped diaphragm and sound el This is not to be confused with the designating size of a loud-speaker 

used to reduce destructive interference in sound chamber at high freqt Which is commonly used in describing a speaker. 

‘The idea t " 2 “The designating size of « loudspeaker employing a circular radiator 

idea is prevalent that a long horn with a slow rate of flare is *hall be twice the maximum radial dimension, measured to the nearest 

pare directional than a short one with a rapid rate of flare when fighth-ineh, of the front of the speaker except that the designating size 

horns have the same mouth diameter. Theoretically and experims hall not exceed the maximum diameter of the unsupported portion of the 
it has been found however that the directivity depends almost al rating system by more than 25%.”? 


Cover, pPiapiregmn ¢ Cake 


Fra. 19—Cross_ section of a diaphragm and sound chamber ia 
concentric annular slots are used to reduce destruetive sound 
interference at high frequencies. 


‘on the mouth size and shape since the mouth becomes a “virtual {Radio Manufacturers Association, definition M5-111. 
source, Near the I-f cutoff all horns become relatively non-diree! *Radio Manufacturers Association, definition M5-11 
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‘This definition is intended to limit the amount of functional; 7 Shape. The most efficient shape at low frequencies is circular. 

ne housing included in the designating size. Representative « is is also the most satisfactory structurally, Theoretical and experi 
sizes for various speaker-designating sizes are shown in Fig. 12. Jental investigations have shown that an ellipse with a major to minor 

In direct radiator speakers and at low frequen the radiation gai ratio of two, and a two-to-one rectangle have an average of 5 and 7 
ance is proportional to the fourth power of the radius (square of er cent lower radiation resistance in the useful 1-f range than a circle 
area) and the reactance to the cube of the radius. The Wule same area, ‘The loss is progressively greater as the shape departs 
reactance ratio or power factor of the radiation impedance is the {ll further from cireular. In spite of the appeal of elliptical and other 
proportional to the piston radius, For constant radiated fiaphragm shapes, which were used in oy magnetic speakers and even 
piston displacement varies inversely with area, With fixed amp j more recent European moving-coil speakers to a limited extent, their 
the radiated power is proportional to the square of the area at a Jisadvantages have prevented their general adoption. 
frequeney, or a frequency one octave lower may be reproduced if "At high frequencies all pistons Rave the seme radiation resistance 
area is increased by a factor of four. ‘The upper limit to diaphragm ‘unit area, but most cones cannot be considered pistons, both because 
is set by the increased weight per unit area required to get a sufl ey re not flat and because their radial length exceeds a quarter wave 
rigid structure, The nature of the acoustic load (horn, ene 


0 
B <5 
3 
2-10 
3 providing a 
2 15 y it , as & more 
5 [| uniformly high negative f 
2-20 ftom the high positive reactance (due to the voice-ec 
5 tuck into the voice coil. This Ten praeni ea is obtained at the expense of 
i} 2,000- to 5,000-cyele response and with a weaker cone structure, with the 
3 725 Wsult that'straight cones predominate by ten or more to one in actual use. 
4 13. Material, Hard, impregnated or filled, and pressed or ealendered 
-30, Papers are used when loudness efficieney and apparent h-f response are 
3040 60 80 100 150 200 300400 600 1000 uportant, Radiation resistance provides very little dissipation in 
Frequency, cps rect radiator cones; hence, by using a paper haying low internal 
Fra. 21.—System efficioncy of four speakers using identical moviggaammm teal losses, tho conical transmission line is made, to have strong 
motors but different cone sizes (calculated). Designating size of sp Rsonances. Nearly all speakers now use material of this type. The 


trinsient response of diaphragms of this type is necessarily poor since 
; wa fiven nter moving modes of the cone are inappreciably damped by the 
cabinet, ete.), space limitations, cost, and the motor employed Soft, loosely pucked, or felted Dlotterlike cones are used when 
control size. : , ‘ ae | “ihe loss in h-f response can be tolerated and a smoother response curve 
It is customary to inerease the size of the motor as the diaphra ‘ith reduced transient. distortion is required. The loudness efficiency 
's increased, since the mechanical impedance looking back into the mt # high-loss cones of this type is several decibels lower than that of low- 
(voice coil, say) should go up as the impedance looking into the dm cones 
point of the cone rises to maintain good energy transfer. _ If a large ‘elt, leather, rubber, and similar materials are used as the annulus to 
Is put on a small motor, the displacement and distortion for a forminate the conical transmission line in a low-stifiness high-resistance 
acoustic output drop and lower frequencies may be reproduced wil Material. ‘Their effect is to add considerable dissipation to the cone 
same distortion, but the efficiency in the mid-range may actually 4°F 4 at the termination, resulting in reduced reflection of the flexural wave. 
‘These effects are illustrated in Fig. 21, in which the calculated 8} The effect is similar to that obtained in soft cone materials where, how- 
efficiency of four speakers using different size cones but the same me iver, the dissipation is distributed along the line. ‘The objection to 
are shown. Minimum cone weights, found to be satisfactory © h that it is very sensitive to changes in humidity, resulting in 
mentally, and average mechanical resistance and resonant frequel Mechanical cone alignment problems unless adequate air-gap clearances 
were assumed. ‘The motor is an intermediate size normally employee, te provided. 
8-in, speakers but frequently used on all four diaphragm sizes. ‘Speas 14, Breakup Subharmonics. The term cone breakup is sometimes 
efficiency, even at low frequencies, is therefore not limited by con@ ®pplied to the flexing or wave-transmission process in a cone, Since 
The cone size must be large, however, if appreciable power is iere is nothing discontinuous in the process to suggest the wo: 
radiated with reasonable cone excursions at low frequencies. to avoid ambiguity, it is suggested that this term be applied only 


given, 
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in the other sense in which it is used, to name the process whieh 
in the generation of subharmon 

If the apex of a cone is driven with an adequate sinusoidal f 
certain critical frequencies, the radiated wave contains not or 


40 


| | 

| | 
Total rms distortion content 
5 inclualing harmonics (not * 
plotted) of fundamental 
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0.4 0.6 0.8 1.0 1.2 14 16 
Voice coil current, amperes 
Variation in radiated distortion products with voice-coil 
p frequency (subharmonic) and odd mi 
7 ‘Kubecript indicates factor by which fundamental frequency is 
plied to obtain frequency of indicated distortion product. 


fundamental and integral multiples Paani} of it but also a freq) 
corresponding to half (and rarely to a quarter) that of the fundam 
and integral multiples of this subharmonic. While distortion 
motor may contribute to this, some unpublished research has shown 
the cone is the important source. 

‘The half frequency appears very suddenly at a critical input as 

22, ‘To simplify the graph, the fundamental and usual harm 
h would include even multiples of the subharmonics, are not inch 

From the total (r-m-s) harmonie curve Hy which includes these un 
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yrms, we see that negligible rise in total distortion vecurs when the 
jabbarmonic begins, ‘The ear, however, reports a large increase because 
jhe pitch sense of the grit has dropped an octave and the distortion 
jas high annoyance or objection ability factor. ‘This type of distortion 
j, not So important as is frequently supposed, however, because (1) it 
gecurs only in limited frequeney regions; (2) it does not occur below a 
godcrate, critical level; (3) the time required to start it is large unless 
the force is large; (4) the spectral composition of speech and music are 
sich that the probability of its production is small. Because of the 
gutistical improbability of its frequent occurrence, it would be uneco- 
gomical to design most systems to avoid completely this occasional 
distortion. 


MOTORS 


A loud-speaker motor converts electrical into mechanical energy and 
suples the electrical signal source as efficiently as possible to the mechan- 
ial impedance seen looking into the diaphragm which it drives. 

15. Force Factor. ‘The mechanical circuit of a speaker motor experi 
mees a force when a current is applied to the electrical terminals, ‘The 
gomplex) ratio of this foree when the mechanical circuit. is blocked 
infinite impedance) to the current which produces it is the force factor, 

ince force is analogous to voltage, the fo factor is analogous to 
mitual impedance between two electrical circuits, It differs from 
the conventional electrical mutual impedance in that it makes no con- 
‘bution to the electrical impedance when the mechanical circuit is 
hlocked (secondary open-eirenited) because its counter e.m.f. is due only 
fo motion of the mechanical circuit, and in that the foree factor has 
“posite signs when viewed from the electrical and mechanical circuits, 
© usual circuit notation zi2 = —22 (not 212 = ze as in the electrical 
Since only the product of the foree factors looking in both diree- 
involved in the following equations this will be called 47%, 

The normal impedance of a speaker is defined as the impedance 
Measured or seen at its signal terminals when operating normally with 
ils proper acoustic load. ‘The normal impedance ey of moving coil and 
thagnetic armature speakers is 


&n = % + 


blocked impedance of the speaker 
the total mechanical impedance seen by the mechanical 
circuit including diaphragm and acoustic load, 

In moying-coil speakers M? = B'2, where B is the average radial 

‘x density which the coil embraces and 1 is the conductor len; 

" balanced magnetic armature speakers M? = 4B,2N?/R2, where Bo is 

© steady flux density in the gaps, N is the number of turns on the voice 

Armature) coil, and R is the effective reluctance of the alternating flux 
Mth (see Magnetic Armature, Art. 19). 

-A two-terminal load impedance absorbs maximum power from a two- 
terminal source when the impedance of the load is the conjugate of the 
{iredane e measured or “seen” at the source terminals. The conjugate 

pedance is one having the same resistive or real part and a reactive 
imaginary part equal in magnitude but opposite in sign. This holds 
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for acoustical and mechanical circuits as well, but in these the 
are not always so readily determined. 

The speaker motor ‘therefore absorbs maximum ener; 
source, regardless of the complexity of the source network, 
normal impedance is the conjugate of the source impedance. 


1000, 
800) + + + + 
600 } 


400) 
300 


200 


Impedance, ohm: 


2b aed 


ECOL “Ct 


Rw iw 


i 
400 600 1000 2000 4000 K 
Frequency, cps 
Fic. 23.—Magnitude of normal input impedance of vurious spe: 
adjusted to same value at 400 cycles to simplify comparison. Magni 
reactance of pure capacitance and inductance shown for comparison. 


i 
30 506080100 200 


source is a vacuum tube, and its associated loud-speaker should idé 
have a normal impedance which is a constant resistance. From 
23 we see that this requirement is most closely met by moving 
dynamic speakers, 

._ 16. Magnetic Motors. By the I.R.E. definition, “A magnetie 
is a loud speaker in which the mechanical forces result from mi 
reactions.” This includes both moving-conductor or movin 
(dynamic) and magnetic-armature speakers, 
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47. Moving Coil. A moying-coil motor is one in which the mechanical 
wees result trom magnetic reactions between the field of the moving 
wil and the applied steady radial f in the air gap. A section of hal 
{is moving-coil speaker is shown in e 

Moving-coil motors are now used almost exclusively because (1) 
their clectrical impedance permits good energy transfer from the source, 
(2) the large amplitudes required by the popular direct radiator dia- 
hragms are obtained conveniently with minimum non-linear distortion, 
fh) the mechanical impedance of the moving element may be made low, 
(4) the structure is simple and rugged mechanically, and (5) the cost is 
low. 


Aanulus, 
I 


Clamp ring 


Cone housing 


Vio, 24.—Seetional view of small moving-coil speaker showing structural 
simplicity. 


‘The impedance seen at its electrical terminals when the coil is rigidly 
blocked is called the blocked impedance of the motor or speaker, s 18 
4pproximately a high resistance and low inductance in series (/,and L, in 

ig. 25) and is therefore easily coupled to a vacuum tube. Near the 
undamental resonance of the speaker the impedance rises, and, if a 
low impedance source is used, the mismatch reduces the energy absorbed. 

Moving-coil speakers are sometimes called electrodynamic or briefly 
‘ynamie speakers. Both terms have been applied for many years to 
Speakers ering either electromagnet (or “energized”) or permanent. 
Magnet fields, ‘The prefix “electro” in electrodynamic has nothing to 
‘0 with the source of steady flux in the gap. 

18. Permanent and Electromagnets. Magnetic speakers require 
‘ource of magnetomotive foree to provide steady flux. If the current 
‘ource is hum free and therefore the flux absolutely steady, the voice coil 
“annot distinguish between a given flux density due to permanent and 
‘lectromagnets. ‘The efficiency of any electromagnet speaker can be 
*qualed or excelled by a permanent magnet if cost is neglected. In 
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ea a: 


! 
! 
1 


25.—Equivalent If electrical circuit of 
armature speaker in « total enclosure or in an infini In 
gaye the enclosure stifiness Ss is zero and its equivalent electrical in 
infinite. 
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regen Serer 


! 
Voice coil copper temperature rise | 
Rated audio input 400 cps \ 7 


.. Field coil copper 
1 femperature rise. 


Voice coil copper temperature rise: 
‘No quaio inputienergized speaker 


1___ Voice coil copper temperature rise; no audio mput 
Permanent magnet speaker 


Q 0.5 10 15 20 25 . 35 
Time,hr. 
Fra. 25a.—Reduced voice-coil temperature rise in permanent-m; 


speakers compared to energized types. Abnormal voice-coil temperature 


when rated “complex-wave” input is applied at 400 cycles also shown. 
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lex-wave input is applied 
ical intermeciate size radio 


it. 


. Flux increases in 
me pair of pole faces and de- 
in the other pair, when 
furrent flows through the voice 
il and when the armature 
Boy. resulting in operation 
logous to a al tube 
The voice coil does not, 
und therefore is made rel- 
ively large. The _ resultiny 
Aigh inductance plus distributed 
P in high impedance 
counts for the large 
lance at high frequencies 
Fig. 23). This makes it 
ficult to couple it to a tube 
‘perly. To get high efficiency ¥r¢, 26—Sectional view of balanced 
* armature pole piece clear- armature magnetic speaker. 
ee must be small, and this 
“ls to instability of the armature and a limitation on its displacement. 
tese factors plus mechanical difficulties in construction and mainte- 
nce have reduced the acceptance of the magnetic-a ure type. 
20. Condenser. “A condenser speaker (or motor) is a speuker (or 
;°tor) in which the mechanical forces result from electrostatic reac- 


"Voice coi! 


Laminated iron 


" pole pieces 


us.” They are really large condensers in which one flexible electrode 
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is free to move and to act as a diaphragm. In push-pull t { percent. Efficiencies of this order are more readily obtained in horn 
flexible electrode is mounted between two perforated fixed electrodes peers, but 30 per cent is rarely exceeded over any appreciable fre- 
resulting in cancellation of the even harmonies which occur in the qency Tange. Although higher values are frequently claimed, these 
plate type. Its blocked impedance is that of a condenser, and if jg Pyles, if based on any measurements, are usual ly based on motional 
therefore difficult to couple to a vacuum tube. ‘The electrode el Shpedance measurements in which all horn, diaphragm, air, eddy-current, 
must be small or the steady polarizing potential which is applied ind hysteresis losses have been assumed to be useful acoustic radiation. 
be large to get high efficiency. ‘The former limits the diaphragm an 93. Response-frequency Characteristic. If a loud-speaker is to he 
tude, and the latter causes rapid disintegration of any flexible diel ysed indoors, a graph showing the efficioney-frequency characteristic 
used to support the electrode. " Vsprobably the most useful single curve. If a loud-speaker is to be used 

21. C “A erystal speaker (or motor) is a speaker (or motor) iq Jmtdoors, then we are primarily interested in its pressure response- 
which the mechanical forces result from the deformation of a erysial J irequency characteristic (see Tests), 
having converse piezoelectric properties.” The erystal has a 24. Baffles, Enclosures, and Cabinets. “A baffle is a partition which 
mechanical impedance viewed from the driving point. Only a small dig Suny be used’ with an acoustic radiator to increase the effective length 
placement is possible without distortion or crystal fracture, 30 a mech » the acoustic transmission path between front and back of the radiator 
Fal transformer or lever arm is used when moderate excursions gm | This term is usually reserved for a relatively flat baffle in which both 
required. ‘This leads to mechanical complications, particularly at Iigh Jsides of the diaphragm look into substantially a hemisphere (solid 
frequencies where the transformer is not ideal, and to added cost. snglie of 2 steradians). ‘The term directional bajle is sometimes applied 
application of this type has therefore been largely limited to h-f spe when one side of the diaphragm looks into a smaller solid angle. ‘The 
in which the diaphragm amplitude is small. The blocked imped juille then begins to take on the properties of a horn. ‘There is no sharp 
is that of a leaky condenser. ‘The normal impedance of an 8-in, § Vine of demarcation, but there appears to be little reason for calling any 
given in Fig. 23, rusts which restricts the solid angle to less than +/2 (an octant of a 

sphere) anything but a horn, 
COMPLETE LOUD-SPEAKERS Mit a bafile is used outdoors, appreciable destructive interference, or 

The more important characteristics of a complete speaker pressure cancellation between the front and back waves of the speaker 
which includes an electrical source of known impedance, motor, die Jmay occur at the listener's posi- 


phragm, and known acoustic load, are its efficiency-frequency (in tion at some frequency above the 
Fesponse frequency and impedance), directional, and distortion cham Futoff frequency. ‘The frequency 
teristics (see Tests). At which this occurs depends on 


22. Efficiency-frequency Characteristic. ‘The energy efficiency, ‘he baffle size and listener loca- 
simply efficiency, of a loud-speaker is the ratio of the useful a tion, Destructive interference at Fra. 27.—Trregular baffle shapes 
energy output to the signal-energy input. The “absolute” or the cone itself is usually unim- used outdoors to. broaden freauoncy 
efficiency is the ratio of the useful acoustic energy output to the rant exeept near the cutoff band of destructive interference be 
energy an ideal load would absorb from the signal source, ‘The Pequoney. of the baffle, ‘To dis tween speaker front anc! back waves a! 
definition is a practical one in that it penalizes the speaker for its inab Iribute this effect and make it, [tcner’s position. 2 
to lubsorh masimum power from the source, At resonant frequel@ | over a broad band, baffles shaped us shown in Fig, 27 are sometimes used. 
of a speaker the two efficiencies frequently differ by a factor of 100 Since the effect depends primarily on the listener's location, no such sim- 
more. plo result occurs indoors and a space average of the pressure ina moderate- 

oT «effective internal resistance of the source and its ideal resistAA®® Wize listening room shows nostich eflect.. Conventional rectangular baffles 
load (both seen from the voice coil) are r., then the absolute efficient) jay therefore be used indoors unless the room approaches free field or 
given by ®utdoor characteristics. 


trical cireuit of a moving-coil or magnetic. 
finite baffle is shown in Fig, 25. Here I, and 


and inductance. Zp is the 


Abeotute efficiency i} eren 


[ee F (Mem) Fem 


where 2x = blocked voice coil impedance pes rt j , a Ferrey 
Ym = total mechanical impedance of the mechanical mesh includ M is 


diaphragm radiation and air load infinity 
r, = total radiation resistance seen by the diaphragm \k dra are the effective diaphragm 
Mf is defined under Force Factor. (See Art. ‘The vertic# ad ate Oe te 1. 
lines indicate that the absolute value is to be taken. N Pa uesatante: mad 

‘The 400-cycle system efficiency of the speakers commonly ue eran ae 
used in Fig. 25. 


radio receivers ranges from 1 to 4 per cent. ‘The corresponding efficié 
of direct-radiator speakers with very large motors ranges from 10™ 
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‘The magnitude of the impedance of a moving-coil speaker in an 
baffle is shown in Fig. 23. The antiresonant impedance of the p 
circuit corresponds to the resonant frequency of the diaphragm 
load and is limited by the parallel vaiue of the two resistances, 
resistances are proportional to the square of the flux density and inye 
proportional to the. diaphragm und air (radiation plus di 
resistances. high resonant impedance is therefore not 
undesirable, as is generally supposed, since it may be due to ah 
density and therefore mean a high efficiency over a wide frequency 

The effect of the source impedance, connected to the input 
on response may be noted from this cireuit. If the source 
7, is low, the speaker will absorb very little power at resonance 

output may not rise appreciably. The voice-coil re 

A, and the source resistance r, in series are effectively across the | 

resonant circuit at low frequencies since the reactance of L, can b 
lected. When the fluxd 
is high, the Q of the 
nant circuit alone is 
the source and voice 
ances then provide substi 
shunt eae and el 
magnetic damping.” 
feet of this on The ] 
response to a pulse is s 
the experimentally de 
curves of Fig. 40. ‘The 
irregularities in these d 


sinusoids are due to het m 
of vibration of the p 


and at high frequencies 

Fic. 28.—Bass reflex type of vented the effect of the voice-c 
saclosure in which port area is large and ductance is important and 
placed near diaphragm to obtain maxi- is supplied in the mil 
mum aid from mutual radiation resist- quency range. The st 
=e Petreae, os erg fot larva state response of ay 

hase shift of back-side radiation ol ” Fi 
tained by choice of circuit constants. gueloure (sco Figs. 2a 


“impedance match” is changed is shown 
at 400 
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eacy of the speaker. If the enclosure includes absorbing material, 
js stiffness will be altered by the reactance seen at the surface of the 
terial. Each square centimeter will dissipate P? X 10°7/ry watt, 
ve P is the sound pressure in the box and rg is the resistance per unit 
st for sound of normal incidence on the absorbing material. From 
« the equivalent resistance in parallel with the box stiffness may be 
ptained, 
If the volume is small enough or the natural frequency of the speaker 
i of the enclosure low enough, the enclosure and not the diaphragm 
iffness will control the natural period. 
‘The I-f equivalent electrical circuit of such an enclosure is shown in Fig. 
Here 2p is the electrical equivalent of the diaphragm alone; Sy, 


4 and my are the stiffness, resistance, and mass of the diaphragm meas- 


Jin vacuo, The electrical equivalent of the air load including radia 
mpedance is z4; Sq is the effective enclosure stiffness, r, the total 
or fluid resistance (enclosure dissipation if any, and’ radiation 
istance), and m, is the effective air Gadiepncolne snaiaeirs) 
ss. Normally the parallel value of zp and 24 or a single paralle 
ntiresonant” circuit is shown but the contributions of individual ele- 


tents are then not as clear. Since the electrical circuit elements are 


verses with respect to M? [see Eq. (9)], the stiffness appears as an induct- 
nce and the mass as a capacitance. 
A total enclosure is sometimes called an infinite baffle. While it 
mbles one in preventing front and back wave interference, it has 
» important differences which make this designating term undesirable. 
he enclosure adds an air impedance to the rear of the diaphra 
y be very different from that seen in an infinite bafile. n infinite 
file restricts the radiation to a hemisphere, and the radiation imped- 
ee seen by the diaphragm is given by 11. If the enclosure is 
1 outdoors, the radiation resistance which the outside of the diaphragm 
es at low frequencies is only half this value and the reactive part 
pproximately seven-tenths this value. In practice the useful efficiency 
almost halved at Indoors the impedance seen will 
pend on the ew described in Art. 5, Radiation Impedance; 
o in Room Acoustics, belo 
26, Vented Enclosures. ‘The idea of putting a vent or “port” in an 
closure is very old. It was first done to provide “pressure relief.” 
4 more recent types, known as bass reflex enclosures, detailed considera- 
n has been given to the very important effect of the mutual impedance 
ween the port and diaphragm. The port area is large and the port is 
ar the diaphragm to increase the a Motes resistance and extend 
'e frequoney range over which it is effective (see Art. 7, Mutual Radia- 
on Impedance). Such an enclosure is shown in Fig. 28. ‘The effective 
irtual diaphragm in the opening is coupled through the stiffness of 
in the enclosure to the diaphragm. The equivalent |-f circuit is 
wn in Fig. 29. 2p corresponds to Fig. 25 and re and me correspond 
“pt that the mutual-radiation impedance must be added. 
The vent and enclosure have therefore added one LRC circuit. The 
fect of this is to shift the hack-side-cone radiation by nearly 180 deg. 
ve the frequency at which the port mass m, and box stiffness viewed 
2m the port are resonant when the cone is blocked. For about one-third 
‘tn octave above and below this frequency most energy is radiated by 
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Fi. 29.—Equivalent I-f electrical circuit of moving-coil or magneti 
ture speaker in vented enclosure. 


30 40 5060 80100 150 200 300 400° 
Frequency, cps 
Fic. 29a.—Impedance of circuit of Fig. 29. 
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port. Although the diaphragm and port radiation are out of phase 
ow this frequency, the port radiation greatly exceeds the diaphragm 
Jistion near this frequeney. i 
The enclosure is made as compact as possible, The port ean be 
near the diaphragm to increase the mutual-radiation resistance 
the phase shift is not due to transmission time delay but occurs 
ause the acoustic circuit goes through antiresonance, the phase 
iit oceurring suddenly at this frequency. In properly designed 
Josures, advan is taken of a large mutual-radiation resistance to 
Very little absorption in the enclosure is 


100 150 200 
Frequency, cps 
Fig. 30.—Total distortion of open-back cabinet and of the same cabinet 
losed as shown in Fig. 28, same speaker and ical input in both 
{distortion much reduced beosteo diaphragm sees high antiresonant 
wedance of enclosure and therefore has only small displacement whereas 
in port (which lacks the non-linear edge stiffness and non-uniform flux 


the speaker) moves with large displacement. 


nted at low frequencies to take maximum advantage of back-side 
dintion. At frequencies of several hundred cycles or more where the 
ort radiates negligible sound the enclosure is made absorbent to avoid 
box” resonance. ‘The advantages of vented enclosures are (1) back- 
e radiation is used to substantially increase the I-f output; (2) most 
“his output comes from the port which has no non-linear eone sus- 
ension stiffness to produce non-linear distortion; (3) antiresonance of 
enclosure occurs near the lower frequency of maximum radiation 
the diaphragm amplitude is much less than it would be otherwise, 
he result of these factors on non-linear distortion reduction is shown in 
'g. 30 in which the effect of converting an open-back cabinet to a vented 
enclosure of the same internal volume is ‘The change in 
Sponse is shown in Fig. 31. 


a 
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27. Transmission-line Speaker. ‘The phase and amplitude of 
back-side radiation of a cone may be altered by coupling a condi 
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Fra. 31.—Total sound power radiated by 
shown in Fig. 30. Shape of I-f response may be varied 
depending on enclosure volume, port area, and sj 


. In early types the multiple 
properties of such a line were used to inflience the response. In a 


cabinet for which dist 
ied between wide 
used. 


Fro. 32.—Labyrinth ty, 
side radiation ol tai 


known as the labyrinth, the line is folded to conserve 
highly dissipative (see Fig. 32). 


jission-line speaker. Phase 
ined by time of transmission delay in line. 


recent type, 
and made 


Phase shift betweem 
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diap! 


lance, 
istortion 

he resonant frequency 

cy to aid damping. 

ine is a half wave 

but malsiaick some com~ 

ragm (neglecting separation 
between the port and diaphragm) outside the line. Because of the 
mfinite series of resonant and antiresonant frequencies of the line high 
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Fic. 33.—Relative response of open-back cabinet (A) and labyrinth (B). 
(After Olney.) 


a) 


Tesponse of an open-back cal 
Olney). 


ROOM ACOUSTICS 

Characteristics. ‘The trend in the theory of room acoustics 
col ing the source of sound, the room, and the sound 
»” all as part of a unified dynamical system, ‘This is 
juired to bring out the interaction between source, sink, and room and 
their effects on the steady-state and transient aspects of sound trans- 
‘ission in the room. 
In this theory the room is considered as an assemblage of resonators 
nd the walls of the room as terminal impedanees determining absorption 
nd reflection. A rectangular room has a triple infinity of resonant 
Tequencies. If the wall impedances are pure resistances, these fre- 
luencies are given by 


f= rtsol (42)" + (ea) mn ()'T* 


ay 
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where mz, My, Ne = 0, 1,2, + ++ 
Ie, ly, and l, = dimensions of the rectangular room in centimy 


Fra, 34.—Distribution of resonant frequencies for a rectangular room 
side lengths ls, ly, and L. ‘The length of a vector from the origin to 
lattice point indicates the frequency and the direction of the vector 
cates the direction of the corresponding standing wave. The veloci 
the sound wave e is given by Eq. (1). 


At low frequencies there may be an appreciable frequency. in 
between the natural frequencies if the room is small. At high 
quencies the number of natural frequencies in a given frequency in 
is proportional to the square of the frequency. 

Ba. Reverberation. Using this concept of multiple natural 
Apencles; the decay of sound in a room may be described as 

uume energy has been supplied the room until, the energ; 
constant, i.e., the rate of absorption at the boundaries equals the 
supply to the room. The resulting standing wave system depends 
only on the room and frequency but on the location and orientation 
source, When the source of cnergy is stopped, each individual mé 
vibration of the room will decay exponentially, and the combined 
of these is called reverberation, Only the modes having allowed 
quencies near the frequency of the steady-state excitation will 
appreciable energy. 

y definition the reverberation time is the time required for 
mean energy density in the room to drop 60 db. While this mean 
be the result of a large number of rates of decay each of which is 
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yidually exponential, the combined value in general i: i} 

ingle exponential term. ‘This aecounts for the fact that the slope ot 

the mean-energy-density time-decay curves for the average room are not 

uniform and therefore for the fact that the apparent reverberation time 

depends on, the time interval over whieh the decay is averaged. If the 

eye n is moderate the approximate reverberation time in seconds is 
y LAA 
i 0.00161 (12) 

where V = room volume in cubic centimeters 

@ = (Aver + Arar + . . .) total room absorption 


und Aj, Ag, ete,, are areas in sq i i 
r % s in square centimeters havin tion coefli- 
cients a, aa, ete., respectively, se yhecerion sai 


Ss 


lulus of transfer odmittance ,db 


40 60 80 100 150. 200 500 1000 2000 5000 1000 

noe Frequency, cps 

Fra, 85.—Transfer admittance or "response eurve” of a 

iuiorophone oF electro-acoustorelootrioal transducer. Spenker: and micros 
one are in diagonally opposite corners of an 18- by 20- by 11-ft. room, 


Corresponding to this type of energy decay i i 
0 iy ‘y decay in the room, o 
“aH th re When « source suddenly emits energy, each of hh secitod 
{iodes absorbs energy in an exponential manner. ‘This occurs until 
no = pa or steady-state value is reached after an infinite length of 
“ae hen this is reached the acoustic power supplied the room must 
a ~~ te ~ absorbed at the room boundaries. By definition the absorp- 
~ is cient « of the boundary is the fraction of the incident energy 
bs orbed fora specified angle of incidence. ‘The intensity [of a sound wave 
an 1. (2)] Ke ameusure of the energy per square centimeter per second. ‘The 
ab sorbed by the boundary persquare centimeter per second is there- 
oie fa watt. | The total power absorbed by the room will be Ja watt where 
thing (efined in Eq. (12). ‘This assumes, of course, that Z is unif rm 
i rue Hos the room. This peasy iba is reasonably valid if the room 
ot r Eee ae te bea food eee room, if the sound source is 
Ly , and if the ro ensi 
ong ee i om dimensions are many wave lengths 


Wa = la (13) 
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where J = sound intensity in watts per square centimeter and W, 
acoustic power radiated by the souree. The acoustic power equals 
product of the speaker efficiency and electrical signal input power, 
the room absorption is known, the speaker efficiency in this room m; 
determined by measuring the average sound intensity in the room, 
By combining Eqs. (12) and (13) we get 
I= oan het watt per sq em 


, 28b, Room Power Requirements. If we know the desired so 
intensity, the acoustic input power IW’, required to produce it may 
obtained either from Eq. (13) by knowing the total room absorption 


3.0, 


i 
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ix 


Reverberation time, seconds 


0 

1000 2000 4000 70001Iq000 2 —«#~=~« O00 2 

Room volume, cu.ft 
Fig. 36—Dependence of optimum reverberation time for speech and 
‘of reverberation time for music on room volume. 

from Eq. (14) by knowing the room volume and. reverberation ti 
Desirable reverberation times in terms of room volume for speech 
musie are shown in Fig, 36. ‘The values for speech are seldom r 
except in acoustically treated rooms, ‘Typical schoolrooms with av 
attendance, for example, usually have reverberation times well up to 
the upper music ran 

Speech artieul creases rapidly with intensity up to an int 
level of 40 db or 10-2 watt per sq em anid more slowly to 50 db or 10- 
per sq.em. If room noises are present, the speech intensity should ex 
Those bby at least 10 db. In conversational speoch the person’spe 
radiates about 10-* watt. Loud speaking requires 10-? watt. If 


Joud-speaker is to simulate » person speaking loudly, its neoustic ou 


should be at least 10-* watt w \, for a 1 per cent efficient loud-spr 
radiating all its output into the room, means an electrical input of 
tenth watt. 

‘There is considerable difference of opinion on what constitute ac 
able levels of reproduced sound. Values of electrical power input W! 
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‘Sec. 22) 
have been suggested for theater use are shown in Fig. 37. These are 
pased on the use of speaker systems which have average system efficiencies 
of 25 percent. The trend is toward larger inputs to get enhanced drama~ 
tie value in the reproduction. 

29. Acoustic System Characteristics. When a sound receiver is 
included in the room with a source, then we must consider the reaction 
of the room on it. The most common receiver is a listener. Because 
of the difficulty, however, of making objective measurements of what is 
going on in the listener’s central nervous system, it is more convenient, 


S 

400 200 400 7001000 
Seating capacity of theatre 

Fig. 37-—Rocommended amplifier output for motion-picture reproduction, 


4000 10000 * 


25 per cent so acoustic input to 


Spouker system efficiency assumed to 
Trend is toward higher 


theater is one quarter indicated electrical input. 
Values, 


although only approximately correct, to substitute one or more micro- 
Phones for the listener. 

For sake of simplicity, assume we have a loud-speaker as a source and 
4 microphone as a receiver or sink, each with two accessible terminals. 
Since no source of energy is assumed in the room, these four leads may 
bo considered the terminals of a passive quadripole or four-terminal net- 
work, From circuit theory we know that the measurement of three inde- 
Pendent quantities will completely specify the performance of this 
{uadripole at any one frequency. By analogy with the purely electrical 
case we may define the ratio (complex) of the current through a specified 
Microphone load to the input voltage of the speaker as a transfer 
admittance. 

A curve giving the mi 


d itude of this quantity for a speaker and a 
‘microphone mounted in iagonally opposite corners of rectangular 
18- by 20- by 11-ft. room is shown in Fig. 35. ‘This transfer admittance 
1s what might be called the response curve of the loud-speaker measured 
in this room with designated locations for the source and microphone 
and with the particular microphone employed. As would be expected 
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from the complicated equivalent circuit of the room, this ti 
adi ance varies by a large factor with frequency and exhibits 
number of maxima and minima at high frequencies. In passing it m 
be noted that the impedance of the boundary of this room varied app 
ciably with frequency and therefore the location of the resonant 
antiresonant frequencies of the “electro-acousto-electrical network’? 
not occur at the Geqnen ies predicted by constant boundary impeda 

Considering the matter in this light, we see that thi: ponse ¢ 
depends on the type of speaker, microphone, their location in the 
the geometry of the room, and the impedance of the room bound 
and therefore the impedance of the entire dynamical system seen fro 
the acoustic terminals of the speaker and microphone. 

‘The loud-speaker supplies maximum energy to the room when 
impedance seen by the diaphragm looking into the room is the conj 


of the impedance looking back into the diaphragm with the speaker con- 


nected to its generator or amplifier. Since the latter impedance 
usually high, the speaker supplies maximum power when the 


impedance is high, which occurs (by definition) when the ratio of #) 


pressure to particle velocity is high, i.e., when the speaker is near a 
sure maximum. A pressure-actuated microphone gives maxim 
response at a pressure maximum. The maximum peaks in the tran 
admittance of Fig. 35 therefore occur when both the microphone 
speaker are near pressure maxima. No resonance pressure maximt 
occurs at the speaker below the lowest resonant frequency of the roo 
and good I-f response is therefore hard to obtain in small rooms. 
The epeerens damping or Q of a mode of the system may be obta 
by steai y state sharpness of resonance methods ding to 
employed in circuit investigations. With negligible dissipation due 
losses in the source, air, and sink, the damping of a particular mode is 


indication of the absorption of energy at the boundary. 
damping coefficient the effective absorption coefficient of the bound 
under the conditions determined by the mode may also be obtain 


The simplest result is obtained when the wave front is parallel to. 
walls on which it is incident. ‘The same apparent absorption is obtai 
from the transient decay of the same mode. 

Likewise, by analogy with the electrical case, we may think of 
transient current which flows through the microphone load when 
unit d-e potential is suddenly supplied to the speaker terminals as th 
transfer indicial admittance of this electroacoustoelectrical net' 
Viewed in this light the transient response of the speaker itself (a sm 

art of the dynamical system) or the transfer indicial admittance of 
loud-speaker and microphone mounted in a free field where no ret 
tions are present takes on much less significance. 

We know experimentally that any room which is considered a g 
acoustical listening environment has appreciable reverberation a 
therefore that the rate of decay of the energy in the resonators of 


room is only moderate. Experimentally it has been found that, the rate 
of decay of the modes of the speaker itself measured in a freo- field is 0 


the same ord If the loud-speaker is loosely coupled to the room, #¥ 
if the room impedance seen by its diaphragm is small as compared Wil 
the impedance seen looking into the aiaptiragea, then we may loo 
think of the loud-speaker as converting the unit d-c e.m.f. into a numb 
damped sinusoidal terms (one corresponding to each mode of 
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speaker), which in turn excite the room. ‘The spectral composition of a 
single damped sinusoid for two rates of decay is shown in Fig. 7. From 
these we see that, if the rate of decay is large, the number of room modes 
excited may be large, because of thatroed requency spread of the ene 
iting the room, Actually, of course, we should only think of the 
namical system as a whole and the above explanation as a simplifica~ 
tion of the problem. 

Experimental curves of this transfer indicial admittance are what one 
would predict from the theory. If the speaker is loosely coupled to the 
room, if its damping when it looks into a small acoustical impedance is 
low, and if an undamped resonant frequency of the speaker lies near 


ker is highly damped when looking into a high acoustical parade 


ed speech 
‘ing into a 


portant practical implications of the aboye (see also Art. 7, 
Mutual Radiation Impedance) are the following: (a) The loud-speaker 
should preferably be mounted in the corner of the room. In this position 
the greatest number of room resonances are “excited” and the most 
cnergy is supplied to the room. (6) ‘The average |-f radiation is a maxi- 
num when the speaker is as near the floor (or eeiling) as possible and in 
the room corner, Next most desirable location is near floor (or ceiling) 
and side wall, _(c) At any one frequency, maximum radiation is obtained 
When the room impedance seen by the diaphragm is the conjugate of the 
impedance seen looking back into the diaphragm, ‘That is for the loca- 
tion which makes the combined speaker and room resonate. Such a 
maximum may not be obtained if the longest room dimension is less than 
roughly a half wave length long. (d) Because of this and the small 
number of resonant de Read which oecur in small rooms at low 
frequencies, small rooms do not normally permit the best l-f reproduction, 
() Corner positions also permit improved h-f response because of the 
smaller solid angle the radiation has to cover, (f) The 1-f transient 
yesponse of the speaker itself is not so important as is generally supposed 
because the transient response of the room helps obscure this distortion. 


OBJECTIVE LOUD-SPEAKER TESTS 


The following more important characteristics of a loud-speaker must 
be determined in any complete test: response-frequency, efficiency- 
frequeney, directional, impedance, and distortion. 
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80. Response-frequency Characteristic (Steady State): A re 
frequency curve of a speaker is a curve graphically depicting the so 
produced at a designated position in the medium, the electrical input an 
acoustic environment being speci Frequency. discrimination } 
the most important form of distortion in many loud-speakers, and th 
response curve attempts to indicate quantitatively the amount p 
Since the ear is primarily responsive to the sound pressure, the o 
of the curve is made proportional to it or to its average value in a 
region. 

The response curve is obtained by connecting the loud-speaker to g 
variable frequeney source of specified internal impedance and consta 

ied internal voltage, ‘The pressure at one or more points in # 

in is measured as the frequency is varied slowly enough so tl 
pening measurement does not differ appreciably from the stead 
value. 


ig 
4 test rooms, e 
desirable, would be difficult, partly because of differences of opinion 6 
an “average” room and partly for economie reasons. : 

By “intended” reflecting surfaces is meant those that are an intend 
part of the radiating system. Frequently a cabinet or enclosure 
measured outdoors in the absence of all reflecting surfaces, i.e, radial 
into a solid angle of 4x steradians or a complete sphere. ‘This is usus 
undesirable since most enclosures are intended to operate on a floor 
against a wall which adds two intended reflecting surfaces and prin 
images (see Radiation Impedance). If the enclosure is intended 
operate in @ room corner, there are three important primary im 
the impedance seen looking into these reduced solid angles of x and #/2 
steradians, respectively, is very different from the 4x case and usual 
results in an error of the order of 6 to 8 db at low frequencies. The e1 
is especially large in the case of compound sources such as vented e! 
sures. ‘The measured non-linear distortion usually differs by a mm 


larger factor. 5 
jutdoor measurements into solid angles of x and x/2 steradians 
made by constructing large rigid non-absorbing surfaces. 

Other intended paris of the speaker such as the baffie, horn, enclo 


ete., should, of course, be The normal impedance or 
impedance looking into the signal terminals of the speaker with t 
acoustical load (acoustical environment), used when the response 
was obtained, should be plotted. Both the angle and modulus of 
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impedance are required if the response of the speaker with any source 
impedance other than that employed in the test is to be calculated. 

Tf'a'space average of tho prescure is obtained by moving the raicro- 
phone or by using multiple microphones, details of the method should be 

iven. If a warble tone or noise generator is used to get a moving 
frequeney average” of the transfer admittance, the spectral compositios 
of the source should be specified. These expedients and the one involy- 
ing motion of the loud-speaker, which is usually unsatisfactory, are 
recommended only for indoor measurements when the room does not 
provide approximately free-field conditions. 

Normal listening-room measurements are made with the loud-speaker 
mounted in its intended position in a typical listening room. As noted 
under Room Acoustics, the room impedance seen by the loud-speaker 
depends on the characteristics and location of the source itsell (dine 
phragm sizes, locations, and modes of vibration), the geometry of the 
room, and the impedance of its boundaries. This means that the energy 
supplied the room depends on the particular room and speaker location 
chosen. This is frequently used as an argument against t! is type of test. 
Since the results obtained in reasonably similar rooms, with similar 
speaker locations in each, differ by only a moderate amount, this dis- 
advantage does not outweigh the many important advantages of this type 
of test, some of which are (1) the impedance seen by the loud-speaker 
(including eabinet or enclosure), averaged over a small frequency interval, 
is closer to the average impedance seen under operating conditions than 

lance seen under the usual (4x steradians) outdoor test condi- 
18; (2) calculation of the indoor from the outdoor performance is onl: 
of academic interest when hundreds of response curves are to be obtained, 
because of the labor involved; (3) ready comparison of the results of 
objective and subjective or listening tests in the same room is possible 
if the room is a good listening room; (4) one is not at the merey of the 
weather; and most important (5) test facilities are readily provided in 
almost any organization. 

Three large laboratories measured one speaker and plotted what they 
would publish as the response-frequency graph of the speaker. ‘The 
Tesults are shown in Fig. This does not indicate any error in meas- 
urement. Actually different things were measured in each case. The 
curves indicate that response curves must be interpreted with great 
care and then only by a person familiar with the many factors involved. 
No speaker expert thinks of choosing a speaker solely or even largely on 
the basis of a response curve. 

31, Efficiency-frequency Characteristic. If the freo-field-pressure 
Tesponse at a sufficient number of points on a spherical surface centered on. 
the diaphragm is obtained, the total acoustical output may be calculated. 

The efficiency-frequency curve of a speaker corresponds to the re- 
Sponse-frequency curve except that the ordinate indicates the efficiency 
(usually “absolute” or system). In a typical listening environment 
and listener location the direct incident sound energy, which would be 
Approximately indicated by the free-field response-frequiency curve at the 
listener's location with respect to the speaker, is only a small fraction 
of the reflected sound energy. A curve which’ gives the pressure, aver- 
ged over the useful listening region, then indicates the probable pressure 
the listener will experience. If absorption at the room boundary is 
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independent of frequency this will be irons Boel to the total 
emitted by the speaker." Efciency-frequeney or space-averaged 
sponse-frequency curves are therefore the most useful in in 
indoor operation. Outdoor response-frequency curves at various 

off the speaker axis, with the speaker radiating into approximately 
solid angle it wilt see indoors, are also desirable since the listener, 

to his ability to localize sounds, weights the direct incident sound 
particularly at high frequencies more heavily than the same energy 
a reflected wave. 


SUBJECTIVE LOUD-SPEAKER TESTS 


82. Listening or Subjective Tests. Listening tests are a necessary 
of the complete test of a loud-speaker. While objective measui 
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Fic. 38.—Response of one speaker as measured by three different 
papier, showing the futility of relying on response curves without a 
owledge of the specific test, acoustic environment, and method, 


performance criteria, they cannot at present completely speci 
subjective performance. cause of the apparent simplicity of Ii 
tests many important factors are frequently neglected, with the 
that many tests are meaningless and others actually misleading. 

In both indoor and outdoor tests all precautions should be taken 
are used in objective tests. The only essential difference is that 
listener is substituted for the microphone. The properties of the 
and listener must therefore be considered in interpreting the results. 

88. Relative-loudness Efficienc: is 
determine the relative-loudness efficiency of two speakers. An nt 
tor in the amplifier which does not alter its response is adjusted ( 
with a relay which also switches the speakers) to attenuate the 
to the louder joes by the amount required to make the 
equally loud. The required attenuation of the louder in decibels is 
relative loudness efficiency in decibels. The relative loudness 
depend primarily on the spectral composition of the test si 
response-frequency characteristic of the speakers, and on the 


The most common test is one} 
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intensity. Tests on the speaking and singing voice and variot 

of music are usually averaged. A valuable signal source for thie epat 
response-frequency tests is a “flat” noise source, or one in whieh the 
energy is uniformly distributed with frequency, ‘This particular spectral 
composition ensures energy at frequencies at which significant differences 
in cf seal oe may occur, 

esponse-frequency Characteristic. Apparent subjecti 

sponse-frequency tests may be made with the ate signal ae Re 
in the loudness tests. Since the listener is not mobile, “space-averaging” 
methods employed with microphones cannot be used and “frequency- 
averaging” methods are employed. While noise sourees are occasionally 
used in objective tests, they have unfortunately been neglected in subjec- 


o 


“0 ; 
“|_| 400-~ (triode operation) 
level pentode 


ive response, db 


= 
~4oL 11 | 
2 40 60 80 100 150 200 500 1000 5000-10000 
Frequency, cps 


Fic, 39.—Variation in total sound i 
: 1 ' nd power radiated by a bass reflex enclosure 
2 “room as source impedance (impedance match) is varied. Generator or 
Source voltage constant for each curve but arbitrarily raised as the source 
sistance was raised to maintain constant acoustic output at 400 cycles. 


tive tests, where they are of special value because the trained ear can 
{uickly appraise response differences which are missed if the signal source 
Contins no energy at the frequencies at which differences occur. 

25. Distortion Characteristic. Except with a single- or double- 
* apenoy input (the latter to determine intermodulation) it is difficult 
{2 determine the distortion characteristic of the speaker itself. With 
rea Gr two simultaneously applied frequencies the input to the speaker is 
Wiudily determined when the normal impedance of the speaker is known. 
S i is not true of a signal of random energy distribution, and therefore 
With such a signal the apparent input to the speaker is not readily deter- 

‘ined unless the normal impedance is reiatively independent of frequency, 
When the speaker distortion characteristic is desired, the amplifier 
on be capable of supplying many times the rated input power to the 
ae Ree distortion Hecate of ae high ratio of peak to average 

y and musie (see these sections). reed 
to HPeakers is amplifier overload. See 

. What is usually measured is the system distortion istic. 
Since amplifier overload almost invariably occurs at pita 
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equal in value to the magnitude of the nominal loud-speaker impedance 
is substituted for the speaker. The power dissipated in the resistance 
Joad with 4 400-cvele signal having the same maximum value as the maxi- 
mum signal is the system (since it includes the output stage) speaker 


which speaker overload occurs in an economically planned system, 
is measured is the combined system overload. _ In this case the spe 
with the most restricted h-f response (other factors being 1) 
have the best system overload rating since h-f distortion products 
annoying. ‘ A a 

“There is no standard for speaker input power rating, but in practice a 
speaker rated at X watts will “handle” the output of an X-watt amplifier, 


input power rating. 
36. Outdoor Tests. These should be conducted so the listener sub- 

tends the same or a known angle with each source. The sources should 

be mounted so their mutual-radiation impedance does not influence the 
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Fig. 41.—RMA standard mounting dimensions for electrodynamic spenkers, 


Fic. 40.—Response of mor 
alectrical pulse as source ri 
are due to h-f modes of vibration of diaphragm. 


result. Separating the sources by several times thé diameter df the cone 
or horn mouth usually suffices. The energy absorbed by the unused 
Speaker will be more nearly independent of frequency if the voice coil 
of the unused speaker is short-circuited. Unwanted reflecting surfaces 
should be avoided. 

87. Indoor Tests. The speakers should be separated by several times 
frequency but takes advantage of the normal (no heavy bass or t the diameter of the cone or horn mouth to minimize mutual-radiation 
accentuation) spectral composition of speech and music. To avoid th impedance. This is particularly true if the speakers are mounted on 
trouble in determining the signal. level aeross the speaker, with & common open baffle. Somé coupling between the sources will always 
variation in normal impedance, the grid voltage on the output sté {xist because of the transfer admittance between the two in the room (see 
may be measured. ‘The signal input is raised until perceptible distortid Room Acoustics). It is important to mount the speakers symmetrically 
results. The peak grid voltage is then measured with an indicator ha }ith respect to the room and listener in order to provide similar coupling 
a negligible time constant, such as a cathode-ray tube. A re! e ‘tween each source, the room, and the listener. 


which is not overloaded, with speech or music (com lex. wave) 
(see Motors, p. 903; and Art. 18, Permanent and Electromagnt 
‘he rating does not indicate the power the speaker will handle af a sin 
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Amplifiers, push pull, 382-385 
rf, 395-422, 428-430 
regeneration in, 407-408 
resistance-capacitance coupled, 364-366, 


295-399 
‘compensated, 397-398 
compensation in, 157 


scanner, cireuits, 751 
sereen grid, 257-261 
speech input, 797-708. 
television, mixing, 713 
testing, 392-394 
three electrode, mechanism of, 22-253 
transformer coupled, 377-379 
design of, 379 
transiont response of video, 721 
tuned-transformer coupled, 400-411 
(See alao Preamplifiors) 
Amplitude limiters, 353 
Amplitude of oscillation, control of, 290- 
300 
Amplitude-modulated waves in non-linear 
cireuits, 327-329 
Amplitude modulation, 323-824, 329-837 
vernua fa 
Anderson bridge, 227 
Antopnas, 628-690 
airplane, 607 
array, for brondeasting, adjustment of, 


~ broadside, 605-660 

mechanical design of directive, 671- 

672 

nleot-melting on, 672 

Storba directional, 670-671 
barrage, O71 
Beverage, 681-683 
broadeast, 651-660 

receiving, 684-680 
characteristics of, measuring, 862 
Chireix-Mesny bear, 670 
coil, 45 
cone-of-silence marker, 675 
current distribution in, 686 
curtain, Sterba, 665 
diamond-grid radiator, 665 
directional, 580 

transmitting, 665-673 
directivity dingrams, 646, 648 
effective height of, 629 
fan marker, 675-676 
ground systems for, 652-653 


Antennas, harmonic wire, 666 
harmonic-wire end-fire projeetors, 665, 
h-f, feed methods for, 663-665 
bef reactance of, 46 
ice removal, 575, 577 
input systems, 426-428 
long wave, 574-575 
loop, 45 677 
Marconi-Franklin beam, 665, 660-676 
master, systems, 688-689 
measurements of, 654-656 
multiple tuned, 575 
MUSA, 680 
mutual impedance of, 642 
radiation from, 642-045 
receiving, 676-684 
resistance, 46 
rhombic, 672-073, 678 
solf-impedanes, 637, 639 
steerable, 680 
‘Telefunken, directional, 668 

“pine tree,” 665, 
terminations for mf transmission 

853 
terminology, 628-630 
tower radiators, 652 
turnstile, 673, 674 
u-h-f, 673-676 
vertical, 44-45 
Walmsley, 668-669 
wave, 681 

Antinode, 629 

Aperture distortion, 749 

Aro transmitters, 573-574 

Armstrong eireuit, 554-865 

‘Armstrong frequency modulator, 839 

Army landing system, 621-623 

Articulation, 878 

Aspect ratio, 692 

Attenuation constant, of rf line, 166 
of transmission line, 159 

Attenuator circuits, 704 

Audio circuits (see Cireuits) 

Audio-frequency amplifiers, 359-304 

Audio-frequency lines, 159-160 

Audio-frequeney range in br 

770, 775 

Audio transformers, 42-44, 375-377 

‘Austin-Cohen formula, 518, 569 

Automatic-frequency control for 

Iators, 316-317 

Automatic pilot, 613 


Automobile radio receivers, 449-452, 453 
‘Ayrton-Mather electrostatic voltmeter, 
200 


lather universal shunt, 184 

Aviation (see Aircraft radio) 

Aviation radio frequencies, propagation 
characteristics of, 592-596 


Baflles, 909-910 
Ballast tubes, 274 
Rond-pass filters, 405-407 
of superheterodyne receiver, 424 
Band-pass r-f circuits, 154-155 
Band-width requirements, 536 
Barkhausen-Kurts oscillator, 314 
Barrage antenna, 671 
Barrow oscillator, 311 
Bass reflex loud-speaker, 910, 911, 913. 
Batteries, acid and alkaline cells, 471-472 
dry-cell, primary, 468-471 
standards, 470 
storage, 471-480, 
charging, 470 
eloctrolyte characteristics of, 475-470 
Battery chargers, 480-497 
Beacons, Lf marker, 601 
radio landing, 617-618 
uchef two course, 599-601 
(See also Radio beacon) 
Bearm-power tubes, 266-267 
amplifiers (see Amplifiers) 
Beams, electron, deflection of, 739-740 
Reat-frequency oscillators, 304-305 
Bendix landing system, 619 
Beverage antenna, 681-683 
Blanking level, 736 
Blind landing, radio aids to, 616-625 
Blind-tanding system, Air Track, 619 
Bendix, 619 
CAA Indianapolis, 619 
Lorenz, 618-619 
Blocking-oscillator-type generator, 740 
Bridge, Anderson, 227 
Carey Foster, 216 
Carey Foster mutual inductance, 228 
errors 219-221 
guard circuit for, 223-225 
Hay, 225 
Kelvin, 216-217 
Maxwell, 225 
‘measurements, a-c, 217-228 
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Bridge, measurements, d-c, 214-217 
Owen, 225 
resonance, 226 
Schering, 222 
slide wire, 215-216 
stabilization of oscillators, 208-209 
transformers, 219 
Wien, 226 
Broadeast antennas, 651-660 
‘adjustment of array, 660 
receiving, 684-680 
Broadeasting, audio-frequency range in, 
770, 775 
international, 826 
program monitoring, 817-819 
station signal coverage, 866-875 
transmission lines, 657, 660 
transmitting system, 771 
radio, 821-826 
requirements, 822 
volume range in, 775 
wire lines in, 815 
Broadeasting system, elements, 760-770 
high quality, frequencies to be trans- 
mitted in, 74 


c 


CAA Indianapolis blind landing system, 
619 
CAA-MIT microwave landing systom, 
620-621 
Cable, facsimile submarine, 765 
Camera signal, 701 
Camera tube, 602 
Cameras, tolevision, 705 
Capacitance, 30-31, 100-124 
ealoulation of, 109-110 
condenser, effect of frequency on, 111 
direct, 222-223 
and inductance coupling, combinations 
of, 404 
interelectrode, 278-279, 361 
measurement of, 280-281 
measurement, 122-124, 202-203 
resistance-capacitance amplifier, 364- 
366 
standards of, 122 
units of, 100 
(See also Amplifiers, impedance 
capacitance coupled, design of; 
Tmpedance-eapacitance coupled 
amplifier) 
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Capacity altimeter, 624 
Carbon microphones, 784-786 
Carbon recording, 759 
Carey Foster bridge, 216 
Carey Foster mutual-inductance bridge. 
228 
Carrier operation, variable, 549-550 
Carrier suppression, 324, 550-551 
Carrier transmitters, Hapug, 549-550 
Cascade amplifiers, 404405 
Cuthode-coupled amplifier, 720-721 
‘Cathode-ray tubes, 275-278 
deflection sensitivity of, 277 
picture, 734 
Chargors, battery, 489-407 
wind driven, 485-489 
Charging storage batteries, 476 
Chireix-Mesny beam antenna, 670 
Choke, filter, 508-509 
design, 509-511 
for d.c., 511-612 
swinging, 508 
Cirouits, a-c, 34-40 
applications of LCR, 154-157 
Armstrong, 554-555 
attenuator, 794 
audio, series losses in, 193-135 
shunt impedance loses 133-135 
capacitive, current flow in, 38 
time constant of, 38 
for code, tone control, 585-586 
constants, 5-9 
coupled, 149-154 
Crosby, 555-56 
electric and magnetic, 27-47 
equations, 36~38 
for transient currents in, 125-120 
facsimile receiving, 762-703 
froqueney discriminator, 157 
f-m, Weir stabilization for, 837 
guard, for bridge, 223-225 
bef, interstage coupling, 545-646 
inductive, current flow in, 38, 72-70 
inductive, power in, 76-27 
limiter, 561, 582-583 
magnetic, 40-44 
Morrison, 556, 557 
neutralizing, 408-410 
non-linear, amplitude-modulated waves 
in, 327-329 
oscillator tracking, 145-147 
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Circuits, for out-of-phase voltages 
currents, 156-157 
parallel resonant, impedance in, 40 
design of, 143-145, 
parameters, 36 . 
Qof LCR, 132-133 
rf, band pass, 154-155 
scanner amplifier, 751 
series resonant, design of, 138 
‘as equalizers, 138-139 
for frequency regulation, 138 
steady-state currents in, 129-135, 
tapped tank, 147-148 
television, separation, 731-734 
transformer rectifier, for transmiti 
463-468 
transmission-line tank, 547 
tert, 447-448 
ub-f, 547-548 
voltage doubler, 491 
wire-line telephone facsimile, 765-766, 
Civil Aeronautics Authority, 589 
(See also CLA) 
Click filter, 586 
“Clipper” tube, 731 
Coaxial conductors, 166 
Codan receiver, 605-606 
Code, business, 564 
character formation, 566-567 
commercial receiving-center 
583 
Continental, 505 
on short waves, 570 
required frequency range for, 
speeds attainable, 568 
standard, 564 
tone-control cireuits for, 685-586 
transmission, multiplex, 566 
and reception, 514-588 
Coefficient, of coupling, 40-154 
grid current, 261 
Cooreivity, 41 
Coils, calculating inductance of 
90-96 
eapacity of, effect on inductance, $4 
and condensers, impedance of, 
reactance of, 120-182 
honeycomb, 85, 87 
inductance, design of, 86-87 
iron core, 88 
inductance of, 81-83 
measurement of, 73-80 


INDEX 


Coils, Lite wire, 87 
multilayer, 93-06 
for shart-wave receivers, 88-89 
Colpitts oscillator, 284 
Communication, point to point, 570-571 
ship to shore and ship to ship, 871 
Concentrie-line terminations, 856-863 
Condenser eapacitance, effect of fre- 
queney on, 111 
Condenser microphones, 783-784 
Condensers, charged, energy of, 100-101 
combinations of, 110-111 
design equations for variable sir, 117~ 
120 
electrolytic, 112-115 
applications of, 115 
testing, 115 
filter, 513 
fixed, types of, 111-112 
gang, 117 
toud-speaker, 907-908 
paper, 111 
reactance of, 129-132 
variable, types of, 116-117 
Conductance, grid, 251 
plate, 248-250 
Conductivity table, soil, 516 
Conductors, coaxial, 166 
wear, radiation from, 630 
reactances of, 636 
table of materials as, 50 
Cone markers, u-h-f, 601-603 
Cone of silence, 601 
marker antenna, 675 
Constants, mathematical and physical, 5 
Contact potential, 236 
Contrast of television i mages, 742-744 
Conversion gain, 330 
Conversion transconductance, 339 
Converters, frequency, 338-340, 432-433 
design of, 433 
pentagrid, 262-264 
superheterodyne frequency, 330 
Copper oxide modulators, 335~337 
Copper oxide rectifiers, 495-496 
Conper sulphide rectifiers, 496 
Copper wire tables, 10-13 
Core materials for receiver construction, 
42 
Counterpoine, 653-654 
Coupled circuits, 149-154 
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Coupling, coefficient of, 149-154 
combinations of inductive and eapaci= 
tive, 404 
Coupling cirouits, interstage, for hif., 5b. 
BAG 
Crosby cireuit, 555-556 
Cross modulation, 252, 397 
Crystal microphone, 781-783 
Crystal oscillators, 287-204 
Crystal speaker, 908 
Crystals, piezoelectric, 
292-204 
temperature control, 201-202 
tourmaline, 201 
Current-measuring instruments, 180-197 
Current meters, hf, 180-192 
Current sensitivity of a galvanomoter, 183 
Currents, alternating, 31 
in cireuits containing inductance, 72-76 
continuous, 31 
distribution in antennas, 635 
flow of, in capacitive circuit, 38 
in inductive cireuit, 38 
grid, 251 
normal emission, 245 
and potentials, measurements of pulsat- 
ing, 198-200 
space, 246-248, 
standards of, 170 
steady state, 36, 129-135 
transient, 36, 76 
equations for, 125-120 
and voltages, out-of-phase, eirenits for, 
150-157 
Cutoff frequencies, 168 


mountings for, 


D 


Damping resistance, critical, 183 
Dark-spot signal, 707 
Davison, C. J., 245, 
Decibel, 775 
chart, 15 
Decibel table, 199 
Decimal equivalents, 1 
Decoupling filters, 155-156 
Deflection, of electron beams, 730-740 
sensitivity of eathode-ray tubes, 277 
Detection, and modulation, 322-358 
video, 730-731 
Detectors, 340-353 
for a-c bridge, null, 218-219 
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Detectors, diode, 730 
(See aleo under Diode) 
diode peak, 341-344 
froquency, 352-353 
grid, 346-348 
infinite impedance, 350-351 
ull, sensitivity of, 215 
phase, 353 
plate, 348-350 
square law, 348 
Dialogue equalizer, 801 
snond-krid radintor antenna, 605 
Diaphragms of loud-speakers, 800-003 
Dielectric absorption, 109 
Dielectric constant, 102 
Dielectric materials, 101-102 
Dielectric power-fuctor table for insulat- 
ing materials, 105-108 
Dielectric strength, 104 
Diesel-powered electric generating sets, 
481 
Dingley induetion-type landing system, 
623 
Diode limiters, 353-354 
Diode performance, 344-346 
Diode peak detectors, 341-344, 730 
Dipole, 628 
Direct ourrent, characteristics of, 460-461 
choke design for, 511-512 
measurement of, 460-461 
Direction finders, 456-457 
on airplane, 611-613 
Loar, 623 
Direction-finding system, Robinson, 611- 
12 
Dircotional antennas, 580 
Direotive antenna arrays, mechanical 
design of, 671-072 
Directivity dingrams, antenna, 646, 648 
Direotivity patterns, calculation of, 648 
Disk engraving, lateral and vertical, 802~ 
804 
Disk recording, sound on, 801-802 
Disk records, 807 
Distortion, aperture, 749 
in amplifiers, measuring, 393 
ealoulation of, 256-257 
modulation, 252, 327 
Diversity effect, 678 
Diversity reception, 530, 582, 683-084 
Doherty amplifier, 420-422, 828 
Doublet, 628 


Dry-cell primary batteries, 468-471 
Dynamic speakers, 905 
Dynamotors, 484 

Dynatron oscillator, 300-302 


E 


Earth currents, 765 
Eddy currents, 83 
Einthoven string galvanometer, 186 
Electric charge, 27 
Electrical measurements, 179-280 
Electrical units, 21, 31 
Electrodynamometer, 187 
Electrolyte characteristics of storage 
batteries, 475-476 

Electromagnetic field, electrons in, 283 
Electromagnetic structures, 41-42 
Electrometer, Kelvin absolute, 200 
E.M.F., 29 
Electron, 27, 231 

in electromagnetic field, 283 

in electrostatic field, 231-233 

free, 28 

space charge due to, 233 
Electron beams, deflection of, 739-740. 
Electron charge, 5 ; 
Electron-coupled oscillators, 317-318, 
Electron emission, 236 
Electron guns, 735 
Electron-tube meters, 205-210 
Electron velocities, 232 
Electrostatic field, electrons in, 231-233 
Electrostatic voltmeters, 200 
Ennission characteristic, 245 
Emission current, normal, 245, 
Equalization, 160-161 

in amplifier systems, 301-302 
Equalizer, dialogue, 801 

series resonant circuits as, 138-130 


Facsimile, detail required in, 749-750 
modulation in, 752 
operating standards in, 767 
phototubes used in, 750 
precision required in, 756 
requirements for, 569 


Facsimile, seanning in, 748-751 
synchronizing in, 763-764 
wire-line telephone circuits in, 765-760 
(See also Tape-facsimile system) 
Facsimile problems, 764. 
‘acsimile receiving circuits, 762-763 
‘aeaimile reception, 757-763 
Facsimile submarine eable, 765 
Facsimile systems, typical operating 
standards of, 761 
Facsimile transmission, 747-768 
Faders, 793, 795-796 
Fading, 515, 628-531 
selective, 678 
Fan marker, u-h-f, 603-604 
Fan-marker antenna, 675-676 
‘arad, 30 
Feedback, in amplifiers, degenerative, 
386-388 
in transmitter, degenerative, 830-832 
Feedback oscillators, 284-286 
idelity of receivers, 425 
Field-intensity measurements, 368-869 
Field strength for radiotelegraphy, 569 
370 
Filament calculations, 237-239 
Filament characteristic, 245 
Filter condensers, 513 
ratings, 512-513 
Filter-design formu 


Filters, band pass, 405~407 

of superheterodyne, 424 
choke, 508-509 

design, 500-511 
click, 586 
constant-K, 169-171 
decoupling, 155-156 
‘ond terminations of, 172-173 
low pass, 503-505 
m derived, 170-171 
multisection, 171-172 
RO, 161 
resistor capucitor, 505-506 
scratch, 139 
wave, 168-177 

(See also Tuned-filter oscillators) 


Fluorescent sereons, 276 
Platter, 804 
Flux density, 70 
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Force factor, 903 
Form factor, 32 
Frame-repetition rate, 607 
Frequency, best operating, 536-588 
in high-quality broudeast system, 774 
maximum usable, 520, 538 
Frequency allocation, 536 
in United States, 535 
Frequeney comparison, 211-212 
Frequency conversion, 322 
Frequency converters, 838-340, 432-433 
design, 433 
Frequeney detectors, 352-853 
Frequency discriminator cireuit, 157 
Frequency measurement, 203 
Frequency meter, vibrating reed, 203 
Frequeney modulation, 825 
versus aut. 842-843 
Armstrong, 839 
preemphasized, 555 
receivers, 455, 562-503 
subearrier, 753 
transmitters, 553-557 
measurements, 843 
Weir stabilization cireuit for, 837 
Frequeney-modulation systems, 8357. 
Frequency monitor, 819-820 
Frequency multipliers, 354-355, 422, 540 
static, 573. 
Frequency range for code, required, 567~ 
508 
Frequency-range table, 537 
Frequency ranges of musieal instruments, 
882 
Frequency response control in ataplifier 
aystems, 301-392 
Frequency stabilization of oscillators, 286~ 
287 
Frequency standards, 180 
Frequency tolerances, 587 


G 


Galvanometer, current sensitivity of, 183 

differential, 184 

d-c, 183 

Einthoven string, 186 

moving coil, 181 

smoving-coil vibration, 185-186 
Gas-filled tubes, 268-275 
Gasoline-electric generating sets, 478 
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Gauss, 40 
Generator, blocking-oscillator typo, 740 
Diesel-powered electric, 481 
fuel driven, 480-483 
gnsoline electric, 478 
motor, 483-485 
saw-toothed, 740 
shading, correction; 714 
synchronization signal, 710-713 
video signal, 705 
wind operated, 485-489 
Ghosts, television, 685 
Gilbert, 40 
Goldschmidt alternator, 573 
Goniometer, 581 
for aircraft radio, 597-598 
Gradation of television images, 742-744 
Greek alphabet, 1 
Grid, effect of, 243-244 
Grid conductance, 251 
Grid-current coefficients, 251 
Grid detectors, 346-348 
Grid-glow tubes, 270 
Grid modulators, 330-333 
Ground-station equipment for aircraft 
radio, 604~605 
Ground systems for antennas, 652-653 
Ground wave, 514-515 
propagation of, 515-518 
Guard circuit for bridge, 223-225 


Half-wave rectification, 192 
Hammond brake speed control, 756 
Hapug carrier transmittors, 549-650 
Harmonic, 32 

suppression of, 848-853 

transmission lines for, 850 

Harmonic content, computing, 
Harmonic-wire antennas, G66 
Harmonio-wire end-fire projectors, 065 
Hartley oscillator, 284 

design, 320 
Hay bridge, 225 
Hearing characteristics, 884-888 
Heaviside layer, 518 
Heterodyne oscillator, 211-212, 304 
ALL, insulating materials for, 539 

interstage coupling circuits for,-545-546 
H-f broadeast station coverage, 873-875 


1-25 


. Hef compensation in television, 716 


H-f transmitters, technical features of, 


538-347 
Hf waves, 514-536 
“Howing” service, 614 
Horns, 896-899 
Hyperbolio functions, 18-19 


Impedance, 34-36 
of coils and condensers, 129-132 
comparison of, 212-213 
input, 361-362 
loud-speakers, mutual radiation, 

804 
radiation, 888-889 
mutual, 39 
parallel resonance, 148-149 
power factor of, 213 
rf line, 164-165, 


at resonance in parallel resonant eit 


cuits, 140 
of transformer and an iron-core 
ance, measuring, 304 
of transmission Tine, 158-59 
veetor, 74-76 
Tmpedance-capacitanee coupled 
366-368 
design, 374 
Impedance-coupled amplifier, 398-400 
Impedance losses, shunt, 133-135 
Impedance-matching transformers, 
382 
Impedance measurement, 201-202 
Impedance stabilization of 
206-208 
Teo, removal from antennas, 575, 677 
Teonoscope, 705, 708 
Ignitron tube, 273, 494-495, 
Image-disector, 705, 708-709 
Imano-frequeney interference, 44% 
Image-frequeney ratio, 447-448 
Linage response, 340 
Image iconoscope, 708 
Incremental permeability, 82 * 
Indicator, “terrain-clearance,” 626 
Inductanee, 30, 70-09 
definition and units, 71-72 
effect of, on coil capacity, $4 
of iron-core coils, measurement, 
mutual, 30, 97 aie 
ealculation of, 99 


Inductance, mutual, measurements of, 
97-99 
of various windings, 20 
Inductance balance, mutual, 227 
Inductance bridge, Carey Foster mutual, 
228 
Inductance coils, design of, 86-87 
Inductance measurements, at high fro 
quencies, 80-81 
at low frequency, 77-78 
‘Tumer constant-impedanee method, 80 
Inductance standards, 96-97 
Inductances, iron core, 81-83, 89-90, 431 
Induetion, 40 
Tnduetion field, 44, 630 
Induction regulator, use of, 210-211 
Induetion-type landing «ystem, Dingley, 
623, 
Inductive and capacitive coupling, com- 
binations of, 404 
Induetive-output tubes, 268 
Induetors at radio frequencies, 83-84 
Inductors, types of, $4-85 
variable, 86-87 
Infra-black region in television, 700, 737 
Ink recorder, 587 
Input impedance, 361-362 
Insulating materials, dielectric constant 
and power-faetor table, 105-108 
for bf, 589, 
Insulating oils, properties of, 13 
Integrating meters, 477 
Intelligibility: tests, 877 
Interelectrode eapacitance, 278-279, 361 
measurement of, 280-281 
Interference, “monkey ehatter,”” 455 
Interference problems, superheterodyne, 
rer 
Interlaced field, 604 
Jutormodulation, 327 
Ton spot, 739-740 
Tonization, 28, 234 
Tonomphore, 518 
Tonoxphere characteristics, 525-528 
Trou, magnetic properties of, 41 
Tron-eore inductors, 89-90, 431 


I 


Joule, 30 


INDEX 
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Kelvin absolute electrometer, 200 
Kelvin bridge, 216-217 
Kenneliy-Heaviside layer, 518 
Kerr coll recording, 709 

Keying signals, 712 

King oscillator, 311 

Kirchhoft’s law, 37 

Klystron oscillator, 314-315 
Klystron tube, 268 


L 


Labyrinth speaker, 914 
LaGuardia Field, radio facilities of, 600 
Landing beacon, radio, 617-618, 
Landing system, Army, 621-622 
Bendix, 619 
CAA Indianapolis, 619 
Dingley induetion type, 623 
Lorenz, 618-619 
Langmuit’s equation, 241 
LC chart, 9 
LC table, 5-9 
Lear direction finder, 623 
Light, velocity of, 5 
Light-valye recorder, 800 
Limiters, amplitude, 353 
diode, 353-354 
threshold, 354 
Limiting cirouits, 561, 582-583 
Linear conductors, radiation from, 630 
reactances of, 636 
Lite wire coils, 87 
Logarithmic decrement, 38 
Logarithms, 16-17 
Loktat base, 282 
Loop antennas, 077 
Lorenz blind-landing system, 618-619 
Loudness level curves, 885 
Loud-speaker, baffles, 909-910 
bass reflex, 910, 911, 913 
condenser, 907-908 
erystal, 908 
dynamic, 905 
high fidelity, 455 
labyrinth, 914 
magnetic armature, 907 
multiple, 890, 803-809 
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Loud-speaker, mutual-radiation imped- 
anee of, 890-894 
power requirements of, 918-919 
radiation impedance of, 888-889 
shape of, 901 
single piston, 889-890 
temperature size in, 906 
Loud-speaker cone, 901 
breakup, 901-903 
Loud-speaker diaphragms, 899-903 
Loudspeaker efficiency, 908-909 
Loud-speaker horns, 896-899 
Loud-speaker motor, 903-908 
‘Loud-speaker tests, indoor, 927 
listening or subjective, 924-927 
objective, 921-924 
outdoor, 927 
Loud-speakera and room acoustics, 870 
928 
L.f,, neutralization at, 541-545 
L-f compensation in television, 716 
L-f marker beacons, 601 


M 


Magnetic circuits, 40-44 

Magnetic flux, 70 

Magnetic moment, 40 

Magnetic motors for loud-spenkers, 904 

Magnetic properties of iron and stecl, 41 

Magnetic saturation, 41 

Magnetomotive force, 40 

Magnetostriction oscillators, 204-205 

Magnetron oscillator, 312-314 

Marconi-Franklin beam antenna, 605, 
609-070 

Marine transmitters, 577-878 

antennas for, 600-62 

Marker antenna, cone of silence, 675 

Marker beacons, low frequency, 601 

‘Markers, u-h-f cone, 601-603 

uh-f fan, 603-604 

Mark-to-space ratio, 668 

Maxwell, 40 

Maxwell bridge, 225 

Meacham, L. A., 208 

Measuring instruments (see Electrical 
measurements; also Power-level in- 
struments, and Individual headings) 

Mochanical-electronic oscillators, 315-316 

Meggor, 201 

Meroury-are rectifiers, 404 

‘Metal tubes, 264 


Meters, electron tube, 205-210 
lef current, 189-192 
hot wire, 189 
integrating, 477 
moving dinphragm, 204-208 
rectifier, 192-198 bi +e 
shunt and multiplier data, 25-26 
thermocouple, 189-102 
VU, 196 
(See also Electrical measurements) 


‘Microphone, calibration and testing, 787= 


789 
carbon, 784-786 
eardiod directional, 781 
condenser, 783-784 
crystal, 781-783 
amplifier for, 782 
moving coil or dynamic, 778-780 
parabolic, 786-787 
placement, 780-791 
studio technique, 789-708 
unidirectional ribbon, 780-781 
velocity, 777-778 
Microwave landing system, CAA 
620-621 
Modulated amplifiers, 418-420 
Modulated oscillator, 335 
Modulation, amplitude, 323-824 
cross, 327 
and detection, 322-358 
in facsimile, 752 
frequency, 325-326 
high level, 832 
low level, 832 
phase, 325-326 


subcarrier frequeney, 753 . 


velocity, 322 
video, 723-725 
(See also Cross modulation; In 
modulation; Velocity-modulat 
tube) 
Modulation design, 833-835 
Modulation distortion, 262, 827 
Modulation equipment, 832-835 
Modulation monitor, 820-821 
Modulators, amplitude, 329-397 
Armstrong, frequency, 839 
balanced, 333, 550 
class B, 835 
copper oxide, 335-337 
double balanced, 336 
frequency, 337-338 
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Modulators, grid, 330-383 
phase, 337 
plnte, 383-335 
ring, 886 
variable reactance, 836 
“Monkey chatter’ interference, 455 
Monitor, frequency, 819-820 
modulation, 820-821 
Monitoring, program, 817-819 
Morrison eireuit, 556, 557 
magnetic, 904 
ng coil, 904 
Motor-generator sets, 483-485 
Moving-coil a-o measuring instruments, 
186-187 
Moving-ooil galvanometer, 181 
Moving-coil (or dynamic) sicrophone, 
778-780 
Moving-voil motor, 905 


Moving-coil vibration galyanometers, 
185-186 
Moving-diaphragm meters, 204-205 


Moving-iron measuring instruments, 188— 
189 

Multiplex telegraphy, 585 

Multipliers, frequeney, 354-365 

Multivibrator, 307, 740 

MUSA antenna, 680 

‘Musical instruments, frequeney ranges of, 
882 

peak power of, 773, 880-881 
Mutual impedance of antennas, 642 


Mutusl-induetance balances, 227 

Mutunl-inductance bridge, Carey Foster, 
228 

N 

Navigation aud position determination, 
siroraft, 610-015 

Networks, recurrent, 187-178 

T, 228-290 


Neutralization at Lf, 541-545 
ish orrors, 597 
Nodal point, 620 
Noixe, 884 
in amplifiers, 722 
‘Ms limiting factor in reception, 531-535 
receiving systems, 439-441 
thermal agitation, 440, 531-532, 722 
Noise levels, 885 
© measurements, 532 


Noise reduction, 686-688 

Noise voltage table, 534 

‘Null detector, for a-e bridge, 218-210 
sensitivity of, 215 


° 


Octal base, 282 
Octalox base, 282 
Oorated, 40 
Ohimmeter, direct reading, 200-201 
Ohin's law, 29-30, 48, 129 
Orthacoustio system, 814 
Orthicon, 705, 707-708 
1, amplitude control of, 209-300 
0, 845-848 
Oscillators, automatie-frequeney control 
for, 310-817 
Barkbausen-Kurtz, 314 
Barrow, 311 
beat frequency, 304-305 
bridge stabilization of, 208-200 
classification of, 283-284 
Colpitts, 284 
dynatron, 300-302 
electron coupled, 317-818 
feedback, 284-286 
frequeney stabilization of, 286-287 
Hartley, 284 
design, 320 
heterodyne, 211-212, 304 
hef, 309-316 
impedance stabilization of, 206-208 
King, 311 
klystron, 314-315 
magnetostriction, 204-205 
magnetron, 312-314 
mechanical electronic, 315-316 
modulated, 335 
nogative resistance, 300, 
Poterson, 310 
piezoelectric crystal, 287-288 
power, design, 318-319 
power relations in claws C, 319-820 
relaxation, 306-300 
resistance stabilization of, 206 
resonant line, 309-311 
Scott, 305-306 
tracking circuits, design of, 145-147 
transitron, 302-303 
tuning fork, 316 
vacuum tube, 283-321 
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Oscillators, yan der Pol, 308 
Owen bridge, 225 


P 


Parabolic microphone, 786-787 
Parallel resonance, 139-146 

impedance, 148-149 
Parallel-resonant cirouit design, 143-145 
Parameters, cireuit, 36 
Parasitic oscillations, 544-345, 845-848 
Peak power of musical instruments, 773, 


Pentode-tube amplifiers, 255 
(See also Araplifiers) 
Permeability, 40 
nee, 43-44 
Peterson oscillator, 310 
Phase, 32 
Phase detectors, 353 
Phase inverters, 386 
Phase modulation, 325-826, 337 
Phase-rotation system, 552 
Phonograph with radio, 452, 454 
Photoelectric emission, 234 
Photoelectric tubes, 278 
used in facsimile, 750 
Photographie recorders, 757-750 
Pioture elements in television, 694 
Picture-tube power supplies, 738 
Picture tubes, contrast in, 736 
Piezoelectric crystal opcillators, 287-288 
Piexocleotric erystals, 288-204 
mountings for, 202-204 
Piexoolectrio effect, 205 
Pilot, outomatic, 613 
Piston directivity, 804-806 
Planck's constant, 5 
Plate conductance, 248 
Plate detectors, 348-350 
Plate modulators, 333-335 
Plato resistance, 248-260 
Playback reproducer, 807 
Point-to-point communication, 570-871 
Pointer-type measuring instruments, 184~ 
185 
Pool-cathode tubes, 272 


in inductive circuit, 76-77 ~ 
Power-amplifier triodes, 254-255 
Powor amplifiers, 266, 302-308 
design, 539-545 
push pull, 382-385 
Powor difference, 102-104 
Power equipment, 
Powor factor, 77, 
of impedance, 213 
measurement of, 203 
table for electric insulating ma 
105-108 
Power-level instruments, 195-108 
Joss, 102-104 
Power-oscillator design, 318-319 
Power output, calculation of, 256-257 
Power relations in class C oscillators, 
320 
‘Power requirements for loud-speaker, 
919 
Power supply, 844-845 
for amplifiers, 888-389 
commercial code receiving 
583-584 
and null detector for a-c bridge, 
picture tube, 738 2 
Power-supply systems, 459-513 
Power transformers, 42 
Preamplifiers, 797-798 
television, 709, 711 
Precipitation static, 501-592, 600 
Precision required in facsimile, 756 
Printing telegraph equipment, 588 
Program amplifiers, 797 
Program monitoring, 817-819 
Propagation characteristion of 
radio frequencies, 592-306 
Propagation constant of transmission 
159 
Propagation curves, sky wave, 871 
Protons, 27 
Push-pull power amplifiers, 882-385 
Push-pull recording, 800 


Q 
Q of LER circuits, 132-133 
R 


Radiation, 4447 
from antennas, 642-645 


Radiation, from antennas, coil, 45 
loop, 45 : 
{rom liner conductors, 630 
Nadiation field, 44, 630 
energy in, 47 
Radiation formula, 631 
Radiation impedance of loud-speaker, 
888-894 
Radiation mass, 888 
Radiation resixtanoo, 636-637, 638, 639, 
888 
Radio, aireraft, 589-627 
(See also Aireraft radio) 
u-b-f, for aireraft, 592 
Kadio aids to blind landing, 616-025 
Radio-beacon system, rotating, 614-615 
Radio brondeasting transmitters, 821-826 
Nndio equipment, airport, 606 
Radio facilities, aireraft, 590 
of LaGuardia Field, 606 
Radio frequencies, for aviation, 591 
Propagation characteristies of aviation, 
592-596 
Radio-frequency amplifiers, 395-422, 428 
430 


wre power amplifiers, 412 

c 

Rodio installation, airplane, 607-610 

Radio landing beacon, 617-618 

Radio-phonograph combinations, 452, 454 

Radio range-beacon and weather-broad- 
cast stations, 596-597, 615 

Radio shielding and bonding in sireraft, 


608-609 
Radiotelegraphy, field strength for, 560~ 
870 


of antenna, h-f, 46 
coils and condensers, 129-132 
inductive, 73 
linear conductors, 636 
(See also Modulators, variable react- 
noe) 
Reactanee standards, 180 
“4 556 
Resotors, filter, 42-43 
Receivers, aireraft radio, 610 
Femote control, 605-606 
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Receivers, all wave, 449 
arene, 454 
automobile, 449-452, 453 
Codan, 605~G06 
‘construction, core materials for, 42 
fidelity of, 425 
fm, 455, 562-563 
bef, 454-458 
long wave, 579-580 
overload level of, 425 
power supply, television, 461 
roxenerative, 424, 448 
selectivity, 425 
sonsitivity, 425 
ship to shore, 580-581 
single signal, 457-458 
single side band, 661-502 
superheterodyne, 423-424 
‘superregenerative, 424-425, 448-449 ; 
tuned rf, 423 
u-b-f, 558-550 
Receiving antennas, 670-684 
broadcast, 684-689 . 
Receiving circuits, facsimile, 762-763 
Receiving equipment, short wave, 581-582 
Receiving sets, method of rating, 425 
Receiving systems, 423-458 
antenna input, 426-428, 
noise in, 439-441 / 
Reception, code, 564-588 
diversity, 580, 582, 683-684 
facsimile, 757-763 
Recorders, dimensions, 750 
hot air, 759 
light valve, 800 
photographic, 757-759 
Recording, carbon, 750 
constant amplitude, 803 


push pull, 800 


Record-reproducing facilities, 812-814 
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Records, disk, $07 
Rectifier instruments, 192-195, 
Rectifier meters, 192-195 
Rectifiers, 480-497 
copper oxide, 192-195, 495-496 
copper sulphide, 495 
half wavo, 192 
mercury aro, 404 
selenium, 496 
Recurrent networks, 157178 
Reference levels in broudeasting, 775-776 
Reflection altimeter, 624-025 
Regeneration. in amplifiers, 407-408 
Regenerative roceivers, 424, 448, 
Relaxation oscillators, 300-209 
Reluctivity, apparent, 44 
Remote-control receiver for nireraft radio, 
605-606 
Re-recording, 809-810 
Resistance, 48-69 
antenna, 46 
critical damping, 183 
effective, 49 
negative, 33-34 
plate, 248-250 
quarter-deflection method of measuring, 
213 
radiation, 636-087, 688, 639, 888 
specific, 49 
stabilization of oscillators, 206. 
temperature coefficient of, 49 
units of, 49 
(See also Oscillators, negative resist~ 
ance) 
Resiatance-eapacitanes coupled amplifier, 
364-300, 
Resistance-coupled amplifier, 305-399 
chart, 369-373 
compensation in, 157 
Resistance pads, 161-104 
Resistance standards, 179-180 
Resistance-variation method of measuring, 
resistance, 213 
Resistivity, volume, 49 
Resistor-capacitor filter, 505-600 
Resistors, carbon, 57 
composition of, 61 
composition type, 57 
fixed wire wound, 54 
‘metalized filament, 57 
R.M.A. color code, 61-03 
tapers, 67 


Resistors, test specifications of, 63-65 
types of, as to power, 55-56 _ 
variable carbon type, 65-07 

wire wound, 56-57 
wire wound, rating of, 55 

Resolution, horizontal, 605 
vertical, 604 

Resolution ratio, 695-606 

Retraco ratio, 693, 604 

Resonaneo, parallel, 139-145 
series, 135-130 

Resonance bridge, 226 

Resonance curves, parallel, 141-143 

Resonance impedance, parallel, 148-140 

Resonant circuits, parallel, 140 

dlewisgn, 143-145 
Resonant-line oscillator, 309-311 
Retardation time of transmission line, 1 

166 

Retentivity, 41 

Reverberation, 916-018 

Rhombic antenna, 672-673, 678 

Richardson's equation, 234 

Ring modulator, 336 

Robinson direction-finding system, 6 

b12 

Rochelle salt erystals, 205 

Room acoustics, 915-021 


8 


Suw-toothed generators, 740 
Saw-toothed waves, 699 
Scanner amplifier eireuits, 751 
Scanning, in facsimile, 748-751 
interlaced, 693 
linear, 692 
in television, 740-742 
Scanning mechanisins, 754-757 
Scanning wave forms, 699-700 
Scanning yokes, 742 
Schoring bridge, 222 
Schottky effect, 240 
Scott oscillator, 305-806 
Soratch filters, 139 ‘ 
Soreen-grid amplifiors, 267-201 
Sereens, fluorescent, 276 
Selectivity, adjacent channel, 405 
adjustable, 407 
distant channel, 405. 
of receivers, 425 
variable, 454-455 
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Selenium rectifiers, 496 
Self-impedanee of antenna, 637, 639 
Sensitivity, of eathode-ray tubes, defleo- 


tion, 277 
of receivers, 425 
Series losses in audio circuits, 133-135 


Series resonance, 135-139 
Series-resonant circuit, design, 138 
as equalizers, 138-139 
for frequeney regulation, 138 
Shading correction, 707 
Shiolding, 441 
and bonding in airoraft, 608-600 
Ship-to-shore and ship-to-whip communi= 
cation, 571 
reovivers, 680-581 
Short wave on code, 570 
Short-wave high-speed automatic oper- 
ation, 582 
Short-wave receiving equipment, 681-682 
Short-wave technique, 678-679 
Shot effect, 440, 722 
Shunt, Ayrton-Mather universal, 184 
Shunt impedance losses in audio circuits, 
133-185 . 
Shunt meters, 25-26 
Side-band transmissior 
Skin effect, 51, 187 
Skip distance, 520 
Sky wave, 515 
propagation of, 618-521 
curves, 871 
Sloot melting on antenna arrays, 672 
Slido-wire bridges, 215-216 
Soil conductivity table, 516 
Solenoid, single layer, 92-98 
Sommerfeld's formula, 515 
Sonie altimeter, 624 
Sound on disk recording, 801-802 
Space charge, 233, 280-240 
Spaco current of three-cloctrode tube, 
calculation of, 246-248 
Spark absorber and click filter, 586 
Speakers (oee Loud-speakers) 
Speech articulation and naturalness, 878 
Speech-input amplifiers, 797-798 
Speech power, 877 
Speed control, Hammond brake, 756 
Speeds, code, 568 
Sputtering process, 203 
Square root, evaluation of, 25 


‘vestigial, 725 


Static, 533, 
precipitative, 591-592, 609 
Static frequency multipliers, 673 
Steady-state currents, 36, 120-135 
Stoel, magnetic properties of, 41 
Sterba antenna curtain, 665 
Storba directional antenna array, 670-071 
Storage batteries, 471-480 
Suboarrier frequency modulation, 753 
Submarine cable, facsimile, 765 
Superemitron, 
Superheterodyne, characteristics, 444 
choice of the if,, 446-447 
frequeney converters, 339 
interfeFénce problems, 444-446 
spurious responses in, 340 
Superheterodyne receivers, 423-424 
Superregenerative receivers, 424-425, 448- 
449 
Suppression harmonics, 848-853 
Surge and proteetor tubes, 273-274 
Susceptibility K, 40-41 
Swinging choke, 508 
Synchronization, in facsimile, 763-764 
nal generator, 710-713 
in television, 740-742 
Synchronizing pulses, 704 


v 


T networks, 228-230 
‘Tank cirouits, transmission line, 547 
‘Tape-facsimile system, 766-767 
‘Tape transmitter, 584-585 
‘Tapped-tank cirouits, 147-148 
Telefunken, directional antenna, GUS 
“pine-tree” antenna, 065 
‘Telograph equipment, printing, 588 
‘Telophone, 204-205 
‘Telephone circuits in facsimile, 765-769 
‘Television, 691-746 
pairing in, 604 
separation cirouits for, 731-734 
‘Television cameras, 705 
‘Television channels, allocation of, 720 
‘Tolevision ghosts, 685 
‘Television receiver power supply, 461 
Temperature control of _ piezoelectric 
crystals, 201-2 
“Terrain-clearance" indicator, 625 
‘Tetrodes, 255-256 
‘Thermal agitation noises, 440, 531-632, 
722-723 
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‘Thermionic emission, 234 
Thermocouple meter, 189-192 
‘Thermophones, 205 
‘Thomson, Sir J. J., 231 
‘Threshold limiters, 354 . 
‘Thyratrons, 269, 270, 272 
‘Time constant of capacitive circuit, 38 
Tone control, 139, 392, 434~436 
‘Tone-control circuits for code, 585—585 
‘Tourmaline crystals, 291 
‘Tower radiators, 652 
‘Transconductanco, 250 
conversion, 339 
‘Transfer characteristic of picture tube, 
735-736 
‘Transformer and iron-core reactor, meas- 
uring impedances of, 304 
‘Transformer constants, calculation of, 
875-377" 
‘Transformer-coupled armplitiers, design 
of, 879 
theory of, 377-370 
‘Transformer-rectifier cireuit for trans- 
mitters, 463-468, 
‘Transformers, audio, 42-44, 374-377 
bridge, 219 
impedance matehing, 380-382 
low power, 497-503 
design, 498 
power, 42 
‘Transient current, 76 
equations for, 125-120 
‘Transiont-phenomena studies, 210 
‘Transitron oscillator, 802-303 
‘Transminsion, code, 564-583 
facsimile, 747-768 
multiplex code, 566 
soxqui-side band, 725 
side band, 725 
“ainygle,"” 725, 
vestigial side band, 725 
‘Transmission formula, Austin-Cohen, 569 
‘Transtnission-line calculations, 853-856 
‘Transmission-line tank cirouits, 547 
‘flransmission lines, antenna circuit ter 
minations for rf, 853 
artificial, 161 
‘attenuation constant, 159, 166 
audio frequency, 159-160 
for broadeasting, 6579. 
impedance, 158-159, 164-165 
propagation constant, 159 
mf, loss in, 804 


‘Transmission lines, retardation time, 
166 
to suppress harmonics, 850 — 
wave-length constant, 159 | 
‘Transmitters, aireraft radio, 609-610 
are, 573-574 
asymmetric, 551 
degenerative feedback in, 830-832 
frequency modulation, 553-567, $43. 
Hapug carrier, 549-550 
of bef, technical features, 588-547 
marine, 577-378 
radio broadessting, 821-826 
for shipboard, 578 
single-side band, 552-553 
suppressed carrior, 550-551 
tape, 584-585 
transformer-rectifier cireuit for, 
vestigial, 531 
‘Transmitting antennas, directive, 
673 
transmitting. 660-662 : 
‘Transmitting yxtom, brondeast, 771 
‘Trigonometric functions. 2-4 
‘Triodos, general purpose, 253-264 
power amplifier, 24-255 
‘Tube, acorn receiving. 205 
ballast, 274 
bases, 281-282 
Loktal, 282 
Octal, 282 
Octalox, 282 
beam power, 266-267 
camera, (92 
cathode ray, 275-278 
74 


contrast in picture, 736 
gns filled, 268-275 

arid glow, 270 

ignitron type, 273 
inductive output, 268 


mutual characteristic of, 244 
‘oscillators (see Oscillators) 
photoelectric, 278 
picture, 735-736 
power supplies, 738 
pool cathode, 272 
reactance, 555 
static characteristics of, 244-245 


Tube, surge and protector, 273-274 
three electrode, space current of, 246~ 
248 
thyratrons, 269, 270, 272 
transfer characteristic of, 244 
two electrode, 241-242 
for wh.t., 548-549 
usbef, 264-268 
vacuum, 231-282 
velocity modulated, 268, 315 
voltage regulator, 274-275 
water cooled, 843-844 
‘Tuned-filter oscillators, 295-206 
Toning, single dial, 442 
‘Tuning controls, push button, 442-443 
‘Tuning-fork oscillators, 316 
‘Tuning indieators, 439 
‘Turner constant-impedance method of 
measuring inductance, 80 
‘Turnstile antenna, 673, 674 
» v 
.f. for airoraft radio, 602 
propagation of, 522-525 
tubes for, 548-549 
U-bef antennas, 673-676 
-f circuits, D47-T48 
U-tuf cone markers, 601-003 
U-bef fan marker, 603-604 
U-hef receivers, 558-559 
U-hf two-course beacon, 599-601 
v 


Vacunm-tube oscillators (ree Oscillators) 
Vacuum-tube voltsneters, 205-207 
Vacuum tubes (see Tube) 
Yan der Pol oscillator, 308 
Variable-mu effect, 261 
Variometer, 85-86 
Vector impedance, 74-70 
Velocity of wind, 486 
Velocity microphone, 777-778 
Velocity-modulated tube, 268, 315 
Velocity modulation, 322 
Vestisgial side-band signal, 324-325 
Vestigisl side-band transmission, 725 

leo amplifieation, 715-723 
amplifiers, transient response of, 721 
‘ideo detection, 730-731 
Video modulation, 723-725 
Video signal, 700 
Videosignal generator, 705 
Voice-frequeney earrier control, 585 
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Voltage amplification, 360-361 
Voltage divider, 502 
Voltage-doubler circuits, 491 
‘Voltage-measuring instruments, 200 
Voltage regulator tubes, 274-275 
Voltage standards, 180 
Voltage wave, saw-toothed, 308 
Voltages, comparison, 210-211 
and currents, circuits for out-of-phase, 
156-157 
shot effect, 440 
Voltammeter, silver, 179 
Voltmeters, electrostatic, 200 
vacuum tube, 205-207 
Volume-control system, 430 
‘Volume controls, 793, 795-796 
acoustically compensated, 435 
automatic, 436-437 
delayed, 487-438 
Volume indicators, 796-797 
Volume range in brosdeasting, 775 
VU, 775, 796 
‘VU moter, 190 


w 


Wagner ground, 224 

Woalawley antenna, 668-669 

Wave antenna, 681 

Wave filters, 168-177 

‘Wave form, 31-32 

scanning, 699-700 

Wave-length constant of transmission 
Tino, 159 

Waves, in non-linear cireuity, amplitude 
modulated, 327-329 

saw-toothed, 699 

voltage, 308 

Woather-broadeast stations, aircraft, 500~ 
597 

Weir stabilization circuit for f.m., 837 

‘Weston cell, 29 

Wien bridge, 226 

Wind velocity, 486 

Wire-line telephone circuits in facsimile, 
765-766 

Wire lines in broadeasting, 815 

Wire-table chart, 14 

Wire tables, copper, 10-13 

Work function, 236-237 


a 


Zero level (see Reference levels ia broad- 
casting) 
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